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Abstract
Glass is a challenging material due to its brittle nature. In order to use glass safely in structural
applications, knowledge about its strength is required. This research focuses on predicting
glass failure strength based on edge flaw characterization. The aim is to show that strength
can be quantified in terms of edge flaws, with flaw characteristics being dependent on the
manufacturing process. According to the theory of linear elastic fracture mechanics, one of
these flaws is the critical flaw initiating failure. Additionally, glass is often exposed to humidity
during loading, leading to stress corrosion and strength degradation over loading time.
This research examines soda-lime silicate glass, which contains machining flaws at the edge.
To investigate glass strength in terms of edge flaws (their sizes and shapes in relation to
the manufacturing process), small-scale glass specimens are tested in-plane under four-
point bending. Five edge finishings of seven suppliers are investigated. The dimensions
of edge machining flaws are detected using a confocal microscope. The test results are
analyzed according to fracture mechanics and fracture surface analysis. In addition, an
experimental study on strength degradation is performed, evaluating the strengthening effect
of five protective coatings.
The experimental results are analyzed first by fitting the machining flaw configurations to
a regular semi-elliptic shape of theoretical crack theory in fracture mechanics. Secondly,
the flaw dimensions are linked to examine the strength values of each specimen. The flaw
measurements are combined with the mirror radius values, obtaining three-dimensional
relation between the flaw depth, the geometry factor and the mirror radius. In addition, the
time-dependency in strength is taken into account, as the mirror radius has a relation to
strength. Also other strength-related factors are analyzed. This research represents a novel
approach of experimentally validating existing theoretical propositions for glass strength,
applied for edge machining flaws.
Three main outcomes of the research include: 1) a novel method to predict glass strength
based on edge flaw detection. 2) a new post-failure procedure is proposed to study glass
strength after failure. An estimation of the failure strength and its time-dependency can be
back-calculated, according to mirror radius measurements. 3) a new concept of edge quality is
introduced. Quality management consists of improving and preserving high glass edge quality
to be used in structural glass applications.
As a conclusion, a methodology to study glass strength based on edge flaw detection is intro-
duced. The flaw size has the main influence in glass strength, which can be characterized by
the flaw depth and the geometry factor.
vii
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Résumé
Le verre est un matériau exigeant dont la fragilité représente un défi. Afin d’utiliser le verre
en toute sécurité dans des applications structurales, la connaissance de son comportement
mécanique et de sa résistance est nécessaire pour son dimensionnement. Dans ce travail de
recherche, l’étude porte sur la prédiction de résistance à la rupture du verre, reposant sur la
caractérisation de ses défauts. L’objectif est de prouver que la résistance peut être quantifiée
par les défauts, leurs caractéristiques étant fonction du processus de fabrication. Selon la
théorie de la mécanique de la rupture, le défaut critique initie la rupture et celle-ci se propage
sous des contraintes de traction conduisant à une rupture fragile. En outre, le verre étant
souvent exposé à l’humidité pendant le chargement, la corrosion sous contraintes, ainsi que
dégradation de la résistance dans le temps sont engendrées.
La recherche se penche ainsi sur le verre sodo-calcique, en particulier l’arrête de panneaux,
qui contiennent des défauts d’usinage. Pour étudier les défauts de bord (leurs tailles et formes
sont liées au processus de fabrication), des échantillons de verre à échelle réduite sont chargés
dans le plan et testés en flexion par quatre points. Cinq types de finitions de bord venant de
sept fournisseurs sont étudiés et leurs défauts sont détectés en se concentrant sur le défaut
critique qui initie la rupture. Les études sont effectuées en utilisant un microscope confocal.
Les résultats sont analysés selon la mécanique de la rupture et l’analyse de la surface de
rupture. En outre, l’utilisation de revêtements protecteurs sur le bord est évaluée afin de
trouver une solution contre la dégradation de la résistance.
Les résultats expérimentaux sont analysés d’abord par la mécanique de la rupture en utilisant
la configuration de défauts d’usinage avec une forme semi-elliptique régulier. Deuxièmement,
les dimensions des défauts sont examinées avec les valeurs de résistance de chaque spécimen.
Les mesures de défauts sont combinées avec les valeurs de rayon de miroir, en obtenant
une relation tridimensionnelle entre la profondeur du défaut, son facteur de géométrie et du
rayon de miroir. D’autres facteurs liés à la résistance sont également analysés. Cette recherche
représente une nouvelle approche permettant de valider expérimentalement des propositions
théoriques existantes pour la résistance du verre.
Trois résultats principaux ont finalement été établis : 1) l’étude propose une nouvelle méthode
pour prédire la résistance du verre, en se basant sur la détection des défauts de bord. 2) un
procédé consistant à étudier la résistance du verre après la rupture. Une estimation de la
résistance à la rupture et de la durée de chargement peut être calculée à postériori, suite aux
mesures sur le rayon du miroir de rupture, 3) un nouveau concept sur la qualité du bord des
panneaux de verre est introduit. Par conséquent, la gestion de la qualité consiste à préserver
ix
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et augmenter la qualité des arrêtes du verre et ainsi déterminer les solutions optimales pour
son utilisation dans les structures en verre.
En conclusion, une méthodologie pour étudier la résistance du verre basée sur la détection
des défauts de bord est mise en place. La taille du défaut a la plus grande influence sur la
résistance du verre. Celle-ci peut être définie par sa profondeur et le facteur de géométrie.
Mots-clés : structures en verre, traitement de bord, prédiction de la résistance, caractérisation
des défauts, mécanique de la rupture, surface de rupture, qualité de bord.
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Terminology
This terminology is specified by the author to clarify the explanations appearing in the text
later. The terminology is used to facilitate the understanding of various terms that are not
consistently used in literature.
Stress/strength σ is referred generally as stress, perpendicular to the crack plain. Stress can
mean tensile or compressive stresses. In order to distinguish different theoretical values,
the index indicates calculated failure stress according to a reference theory. σ f refers
to the stress at failure, used to describe experimental results (Chapter 3) and failure
stress theory σ f (t ) in the literature review (Chapter 2). Although, later on starting from
Chapter 4 values are described as failure strength [MPa], for both in the analysis of
experimental strength values and in the analysis of defining strength prediction. f f is
used as well for strength, but indicating a design value.
Corner In the literature, corner cracks exist at the edge that refers to the two-dimensional
crack configuration.
Crack Surface crack refers to a theoretically defined surface micro-imperfection. Crack is
a theoretical term for normally semi-elliptical or semi-circular imperfection on the
surface described in the theory of linear elastic fracture mechanics (LEFM).
Critical flaw This term is used to name the failure initiating flaw, both in real and theoretical
contexts. Critical flaw is also called the Griffith flaw according to [Griffith, 1920].
Damage Damage refers to unidentified imperfections at the glass surface that can not be
estimated as individual flaws.
Dent Dent illustrates surface roughness that has occasional larger imperfections, dents at the
surface. Used for ground edge machining flaws.
Edge Glass edge is called the border of the glass pane (not to confuse with edge surface). See
Fig. 1 for illustration of the entire edge geometry and terminology.
Edge finishing Glass edge goes through a manufacturing process creating an edge finish-
ing, and these edges are describes as: cut, arrised, ground, polished. More detailed
description is provided in Section 2.2.2.
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Terminology
Flaw This term is linked to a real, existing and physically measured surface micro-imperfection
in glass.
Flaw depth Depth of a flaw is referred as a measured dimension, normally determined from
microscope pictures. Depth should be distinguished to an effective and an optical
depth, where optical depth is defined visually, whereas the effective value might be
more including subsurface damage [Haldimann and Crisinel, 2007]. This topic is further
discussed in Section 3.4.5.
Fractography Is a study of fracture surfaces of materials.
Fracture origin Fracture origin is referred as the failure initiating flaw in the context of the
fracture surface analysis.
Fracture surface When glass breaks, two identical surfaces are created at the fracture process.
The fracture initiates from the fracture origin, which is surrounded by a mirror surface, a
mist and a hackle. See Fig. 2 for illustration. Terminology follows ASTM C1678-10 [2010]
in fractographic analysis.
Hackle Describes the markings on the fracture surface that appear around mirror and mist
surfaces.
Inert The term inert is used to describe conditions, where the glass that is not chemically
reacting with its environment, referring to the situation, when stress corrosion is not
influencing glass. Inert conditions and the term inert can also be used to explain inert
strength referring to strength that is not decreased due to stress corrosion [Haldimann
and Crisinel, 2007]. In Section 4.3.1 the term is used to describe an inert strength level.
Mirror Is referred as the semi-circular region around the fracture origin and is measured as a
mirror radius rm .
Mist Refers to a markings on the fracture surface of an accelerating flaw propagation close to
its effective terminal velocity.
Scratch Surface imperfection, also referred as a flaw that is often created artificially.
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Figure 1: Illustration of the proposed terminology for a) cut specimens and for b) arrised, ground
and polished cross-sections.
Figure 2: Illustration of the mirror radius, mist and hackle area at the vicinity of the fracture
origin. The drawing is presented according to ASTM C1678-10 [2010].
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1 Introduction
1.1 Background and motivation
For hundreds of years, glass has been used as windows in buildings, while research on struc-
tural applications of glass has only just begun. In recent years, the knowledge on glass prop-
erties has expanded, bringing to light new ways of using glass, such as full transparent con-
structions. Due to the transparent nature of glass, it is used in multiple ways by architects and
engineers and today the research is further advancing at the field of studying glass properties
both in structural aspects and in relation to building technology, energy and light.
Glass can be found in many forms in the industry. The most conventional way of using glass
is in windows, usually being part of a facade structure, where metallic or wooden members
frame the glass. In more advanced applications, glass is used as a part of a load-carrying
structure such as columns, beams or wall elements, as illustrated in Fig. 1.1.
Figure 1.1: Possibilities of using glass as a structural element: column, beam or wall element.
Image modified from Luible [2004].
In order to reliably use glass for building constructions, understanding glass failure is essential.
Vuolio [2003] concluded that almost all of the occasional failures of glass panes in facades are
caused by other factors than the loads allowed for in the design code. These factors include
thermal stresses and exceptional deteriorations in strength caused by defects or mishandling
during manufacture, design, mounting or use of a glass structure.
Glass is seen as unreliable when exposed to tensile stresses due to the lack of mitigating stress
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concentrations by plastic deformations [Baratta and Katz, 2001]. Tensile stresses appear often
in glass, for instance in beams in bending and in windows, when exposed to temperature
differences. The window frame creates a shadow on glass edge, while the sun heats up the
glass pane surface to a higher temperature [Pantelides et al., 1994; ASTM E2431-06, 2011].
Glass tensile strength is not a material property, but depends on the size of the surface cracks.
But how can these cracks be characterized? According to the fracture mechanics theory,
theoretical cracks follow regular semi-elliptic shapes. In reality, surface flaws have various
shapes and sizes. Validation of the theoretical approach on real crack shapes, such as on
machining flaws created during manufacturing process, is still lacking in the literature.
In terms of glass strength models, the most work in the literature exists for simple window
glass element. The basic calculations on glass with cracks were already established in 1913
by Inglis [1913], when he published his theory on cracks on a plate. Griffith [1920] continued
furthermore introducing the basis for the fracture mechanics theory. Since then the research
has resulted on further understanding in the field of glass strength. The evolution is reviewed
in [Shand, 1965; Kurkijian, 1985; Quinn, 2009].
Veer and Rodichev [2011] noticed that the strength of glass varies depending on testing direc-
tion: in-plane or out-of-plane loading. Due to lower strength regarding the edge of glass, an
initial hypothesis is made that the edge flaws are larger from those at the glass pane surface.
The real physical phenomenon of the glass failure initiation from real surface flaws is poorly
explained in the literature and often lacks a theoretical explanation. The research examines
soda-lime glass especially the edge of a glass, which contains machining flaws created during
a manufacturing process.
Further questions on flaw characterization are asked:
• What process creates edge flaws?
• Is the flaw configuration different depending on the manufacturing process?
• Which flaw is the one initiating the failure?
• How can these flaws be physically measured?
• Considering the link between flaws and strength, what influences the most: flaw size,
their location or shape?
• Which other factors influence strength?
• Can existing theories such as the theory of fracture mechanics, fracture surface analysis
and failure prediction models, be used and validated by experimental results?
• If these theoretical models can be applied to real edge machining flaws and not just
theoretical cracks?
2
1.2. Main objectives
1.2 Main objectives
The objective of this thesis is to find a method to predict glass failure strength based on edge
flaw characterization. The aim is to give evidence that the edge strength can be quantified in
terms of edge flaws, their characteristics being dependent on the manufacturing process. For
this purpose, a link between theoretical strength prediction and an experimental study will be
created by characterizing the flaw properties. The novelty of the research is in the proposed
strength prediction approach as well as a post-failure procedure, the concept of edge quality,
and recommendations based on examined flaw detection methods. The following steps are
considered:
1. Develop a failure strength prediction method for glass edge. A novel method to ana-
lyze existing glass edge flaws will be obtained by flaw characterization, resulting to an
edge strength prediction. Flaw detection and flaw measurements will be used as input
values obtaining characteristic strength estimation values.
2. Define a procedure for a post-failure analysis. What can we learn from a failed glass
specimen? Based on the measurements made for the fracture surface of a specimen,
measuring the mirror radius, further conclusions on the failure strength and its loading
time-dependency will be obtained.
3. Propose a concept of edge quality. Instead of proposing one strength value for glass,
several edge quality levels are established. In addition, practical propositions on glass
edge quality management are provided with information on the glass strength improve-
ment and preservation.
1.3 Methods
The methods used in the investigations include bending tests for glass specimens and a
microscopy study on edge flaw measurements. Several series of small-scale glass specimens
are tested in-plane bending. The experimental study contains testing glass specimens of
five edge finishings and seven suppliers. The tests are carried out for glass specimens of two
thicknesses 4 mm and 8 mm.
A large amount of failure tests is performed using glass beam specimens. The edge flaws in
specimens are detected using available microscope measuring techniques. The flaw detection
is performed before and after the destructive bending tests.
In addition, five series of glass specimens are examined testing the strengthening effect of
protective coating. The use of protective coatings at the edge is aiming to avoid stress corrosion
that reduces the strength as a function of loading time. The influence of humidity in glass is
evaluated by experiments, loading glass at different stress rates, exposing glass to different
load durations.
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1.4 Limitations
The research undertaken focuses on structural glass material itself, therefore excluding other
related topics on structural glass applications and combined material behaviors. This research
presents the following limitations:
• The material studied consists of sheets of soda-lime silicate glass produced on a float
line. The glass is annealed and thus containing no or a low level or residual stresses. The
possibility of including thermally or chemically toughened glass was abandoned due
to the limitation of determining accurately residual stresses at the glass edge. In Laufs
[2000] the residual stresses in glass are reviewed. Due to difficulties of edge measure-
ments, residual stresses are often determined away from edges and then extrapolated to
cover edges as well. This approach was seen too unreliable to be applied in glass edge
strength design. In structural applications, glass is often heat treated. In this research the
study includes only treating annealed glass, and showing its potential for structural glass
use if and when the strength can be improved according to edge quality propositions
and management presented later on.
• In structural applications, glass is rarely used alone as monolithic annealed glass panes.
Typically glass is combined with other materials and interlayers. These applications
were excluded from the investigations, in order to concentrate on the glass material
itself. However, the results can be applied for laminated glass as the strength of the glass
material itself follows the same material behavior.
• The experimental investigations concentrate on edge machining flaws. This restriction
was made after initial observations that in glass beam specimens the critical flaws are
situated at the edge. Edge flaws are studied by loading the glass specimens in-plane,
excluding pane surface flaws.
• Glass fibers are often used in composite materials. Despite the advantages of glass
fibers and many possibilities of use, the study excluded such applications, as glass fibers
possess different material and structural behavior that cannot be directly applied in
glass sheets.
1.5 Organization of thesis
The thesis is organized and divided into seven chapters.
In the literature review, Chapter 2, the existing knowledge on glass-related topics is presented
with citations to the state-of-the art literature. The review concentrates on the glass production,
manufacturing and existing strength and failure theories to be used later in glass strength
design.
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In Chapter 3, the experimental work is described in detail. The chapter presents the tested
materials, the methods of measurements and in-plane four-point bending tests for small-scale
glass specimens. Critical flaw measurements using microscope detection before and after
destructive testing are presented.
Chapter 4 includes in depth study of glass strength and post-failure analysis, which is based
on the experimental investigations. First is discussed how the critical flaw can be detected
and how the failure behavior is related to theoretical explanations on the failure prediction,
failure modes and fragmentation. The main part characterizes the critical flaws by forming a
link between the flaw dimensions and the failure strength. The specimens are also studied
interpreting the fracture surface by analyzing fracture mirror radius measurements. Finally,
existing theoretical approaches with experimental values are compared.
In Chapter 5 the main strength-related factors are presented and evaluated based on the
experimental investigations. The influence in strength of edge finishing, supplier and ma-
chining, testing conditions, effect of protective coatings, size and thickness effect and other
uncertainties are further discussed.
Chapter 6 focuses on practical proposals concerning glass strength design. These proposals
are drawn based on the observations made in previous chapters. The first part describes a
strength prediction method for a glass edge, and the second part a post-failure procedure.
Finally, propositions concerning the edge quality and quality management are introduced.
Main contributions are collected in Chapter 7. This chapter concentrates on the main conclu-
sions and proposes future work topics in the field of glass research.
The relations between chapters and the organization of the thesis are illustrated in Fig. 1.2.
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2 Literature review
This chapter gives an introduction to the basics of glass material, manufacturing and glass
strength theories.
2.1 Introduction
This chapter explains the state-of-the-art knowledge on glass production, strength and failure.
The aim is to introduce the lifespan of structural glass products starting from the manufactur-
ing. In addition, this chapter introduces the main glass strength theories, design and standard
testing methods, which are useful for the later analysis in this research undertaken.
Glass material used in constructions is commonly soda-lime glass produced on a float line,
where the glass is floating on a tin bath. At the end of the production line, the glass is slowly
cooled, annealed. After cooling, the glass sheets are further processed by cutting, grinding
and polishing to the size according to the wishes of the client. The study concentrates on
the physical properties of glass material. The material production and further processing is
reviewed in Section 2.2.
In order to use glass panels in construction, it is required to make an estimation on the glass
strength. Literature introduces various ways of defining the strength values for glass. Most
strength models exist for window glass design, such as in ASTM E 1300-04 [2004], but glass
strength can also be described using the theory of linear elastic fracture mechanics (LEFM),
where the strength is linked to a crack size. Standardized strength models are discussed
in Section 2.3.1 and other strength theories linked to fracture mechanics are introduced in
Section 2.3.2. Strength is also described as time-dependent due to stress-corrosion that causes
subcritical crack growth. This strength degradation occurs when glass is under stress and
exposed to humidity.
Flaw size gives an indication on the glass strength, but also the fracture surface at the failure
section can be interpreted as a source of information. Strength is related to a fracture mirror
surface that appears around the fracture origin. This fracture surface analysis is reviewed in
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Section 2.3.3. Existing knowledge on flaw identification and flaw measurements are further
discussed in Section 2.3.4.
Glass strength is not only a theoretical value, but can also be validated experimentally. In order
to obtain experimental strength data, destructive testing is necessary. The standard testing
procedures are discussed in Section 2.4.
2.2 Glass material
2.2.1 Glass production
Soda-lime glass 1 is produced on a float line, where the glass is floating on a tin bath forming a
perfectly smooth surface with an even glass thickness. The float glass process is also known as
the Pilkington process, named after the British glass manufacturer Pilkington. Pioneered in
the 1950s, and it is nowadays the most used method for creating soda-lime glass sheets.
Soda-lime glass is made from a raw material, mostly consisting of sand (SiO), soda ash
(N a2CO3), and limestone (C aCO3) [McLellan and Shand, 1984]. The material composition
is standardized in European norm [EN 572-1, 2004]. The composition is presented in Table
2.1. Actual composition of the glass varies between suppliers, and often some properties or
other materials are introduced in order to change the physical and chemical properties and
the color. The raw materials are mixed in a batch mixing process and fed in a controlled ratio
into a furnace where the material is heated up to approximately 1500−1600◦C . In Europe, a
part of the composition of input material is recycled glass waste 2.
Table 2.1: Soda-lime glass composition according to European standard EN 572-1 [2004].
Oxide Range
Silicon dioxide (SiO2) 69-74 %
Calcium oxide (C aO) 5-14 %
Natrium oxide (N a2) 10-16 %
Magnesium oxide (M gO) 0-6 %
Aluminium oxide (Al2O3) 0-3 %
Others 0-5 %
After heating up the raw material, the temperature of the glass is stabilized to approximately
1100−1200◦C , when the molten glass is fed into a tin bath. The temperature is gradually
reduced from approximately 1100◦C to 600◦C . The glass sheet then moves off the bath onto
rollers at a controlled speed. The glass is further cooled down gradually resulting in a glass
sheet with little-to-no residual stresses. Gradual cooling also assures that the glass does not
fracture due to temperature changes. Finally, the glass is offered in a standard size of 6 m x3.21
1Also called as soda-lime-silica or silicate glass depending on a reference.
2According to the observations made during a visit to a production line.
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m, which is defined by the float line width. The glass sheet width and thickness on a float line
is adjusted using rollers that create a pattern on a floating glass, such illustrated in Fig. 2.1.
The pattern is cut of from the final glass sheets.
Figure 2.1: Float line roller patterns on a glass sheet that are cut off and do not appear in a final
glass sheet.
Due to the float line production method, the glass sheets have distinguishably two sides: air
and tin bath side. The tin side of the glass sheet can be detected using an ultraviolet light. The
tin has a higher UV reflectance than the glass and appears white and cloudy. According to
Sedlacek et al. [1999], the strength of the tin side has been found to be slightly lower than that
of the air side.
The glass sheets are produced in standard thicknesses: 2,3,4,5,6,8,10,12,15,19 and 25 mm
defined in EN 572-2 [2004]. Dimensional tolerances are also presented in ASTM C 1036-01
[2011] for American standard thicknesses in [inch].
The glass production generally has an efficient utility rate of 10 : 90, where 90% of the materials
ends up being delivered. The rest (10%) is waste from cutting and thickness changes at the
float line production 3.
2.2.2 Glass processing and edge finishings
After production of float glass the panes are further cut and machined, creating desirable
edge finishings. The process can be divided into two parts: 1) cutting and 2) grinding. A way
to modify large panels into smaller units is to cut the glass, either by scoring, cutting with
a water-jet, a laser or drilling. A cut edge is the most used and the most economical edge
finishing, but suppliers generally also produce the following options: ground, arrised and
polished edge finishing. In addition, edge finishings such as seamed, beveled and miltered are
3According to the observations made during a visit to a production line.
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mentioned in ASTM C 1036-01 [2011]. Typical edge types are presented in the standards DIN
1249-11 [1986]; EN 12150-1: 2000 [2000] and in Wo¨rner et al. [2001].
Fig. 2.2 illustrates four types of edge finishings, presented also in Schittich et al. [1999], where
a) cut edge, scoring and non-scoring edges are distinguished (according to author’s own
observations), b) arrised edge with arrised corners, c) ground edge is assumed to be slightly
more grinded than arrised one, and d) polished edge of smooth edge surface.
Figure 2.2: Approximative illustration of four edge finishings: a) cut, b) arrised, c) ground and
d) polished edges. Modified from Schittich et al. [1999].
Each edge finishing is further explained below according to the state of the knowledge.
Cut edge
The cut edge represents an edge finishing commonly used in applications, where the glass
edge is only subjected to low tensile stresses. Sharp cut edges also introduce the danger of
injury and are therefore often further processed.
Glass is easy to cut by the use of cutting lines, i.e. scoring. The glass cutting process consists
of two operations: 1) creating the cutting line, and 2) executing the fracture along it. See
illustration in Fig. 2.3. In industry, glass is moving on an air-bed table, which offers a possibility
to handle glass easily. Ideally, the cut edge produces a 90◦ angle between the panel and edge
surface, with a scoring edge and non-scoring edge, as illustrated in Fig. 2.2a).
Glass is cut using a diamond, or a roller-cutter, which is used to score the glass surface, creating
a scratch of some micrometers. The configuration of the cracks and crack propagation due to
scoring are linked to the cutting tool used and the machine characteristics such as:
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Figure 2.3: Illustration of the cutting process where a) cutting tool moves scoring a fine cutting
line at the glass surface, b) glass panel is broken with bending along the cutting line, c) as a end
result glass is in two pieces.
• The pressure of the cutting tool to the glass surface.
• The speed of the cutter relative to glass surface. Such as 0.4 -4.7 m/s according to
Kopchekchi and Shitova [1999].
• Shape and radius of the scoring tool when maintaining constant depth of indentation.
Different edge radii produce different normal and tangential forces that affect the stress
pattern under that surface. [Kim, 1996]
• The amount of cutting oil/lubricant used while scoring.
• The force required to break glass after scoring.
The choice of the cutting tool characteristics are depended on the thickness of the glass.
Optimal parameters for cutting were studied by Ovchinnikova et al. [1984], but are often
chosen by the supplier according to their own experience.
Other cutting methods consist of laser-cutting and water-cutting methods. Geissler [2003]
presentes the laser-cutting method for glass, Radovanovic and Das˘ic´ [2006] for steels.
Water-cutting The process is also called water-jet cut according to DIN 1249-11 [1986]. This
type of edge has been completely treated with water-jet and has a matt appearance.
In the process fine sand with high pressure water-jet pierces the glass. An edge with near 90◦
degree corners is created with some inclination in the edge surface due to deviations of the
water-jet. An illustration of the machine used in the laboratory (EPFL), Omax 555 JetMachining
Center, is shown in Fig. 2.4.
Water-cutting is also used in the industry for creating holes and non-regular panel shapes.
Grinding
The grinding process is based on material removal, where the surface glass roughness depends
on the properties of the grinding wheels. Normally the lowest quality edges are roughly
11
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Figure 2.4: Glass cutting by water-jet machine during setting (left), and the action of water-
cutting, where glass pane is under water (right).
grinded, whereas the highest polished quality is obtained after 6 to 8 grinding and polishing
turns. An illustration of the grinding wheels is shown in Fig. 2.5.
Figure 2.5: Grinding wheels before use (left) and in the polishing machine (right), where glass
sheet moves horizontally, as illustrated in Fig. 2.6b).
Observations made at the production line showed that every supplier has different grinding
methods. The end-product quality depends on several machine characteristics:
• Grinding wheel properties, their age or level of use.
• The number of grinding and polishing turns that the pane edge goes through.
• Pressure between glass and grinding wheel. This depends on the direction of the glass
element to the grinding wheel. The glass panel can be positioned either vertically or
horizontally, as illustrated in Fig. 2.6.
Arrised edge An arrised edge is an edge finishing with 45◦ arrised corners. An illustration of
the edge finishing was shown in Fig. 2.2b).
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Figure 2.6: Two types of grinding directions: a) standard vertical glass position, b) alternative
horizontal proposition.
Ground edge DIN 1249-11 [1986] expresses the term for a ground edge, which has been com-
pletely grinded. Ground edges have a matt appearance with arrised corners. An illustration of
the edge finishing was shown in Fig. 2.2c).
Polished edge According to DIN 1249-11 [1986] polished edge is a flat ground edge, which
has a fine shiny surface appearance achieved through polishing. The surface structure of the
grind is allowable, but must not be matt. A polished edge has the same edge geometry (Fig.
2.2) as a ground edge. However, the polished edge goes through several grinding processes,
ending with finer wheels creating a smooth surface along the entire edge. A polished edge is
assumed to have the highest visual quality, where the flaws are invisible to the naked eye. Glass
edge polishing is performed either when the glass is in a vertical or in a horizontal position 4.
2.2.3 Glass material properties
Physical properties
Glass is a uniform material consisting of a non-crystalline structure allowing it to be transpar-
ent. The chemical and mechanical properties of the material vary between glass products;
however, only soda-lime glass is presented. Glass is brittle in room temperature, but becomes
liquid in a transition temperature Tg = 520−600◦C . When solid, glass is tough with a fracture
toughness of about 0.75 MPa
p
m [Porter, 2001]. The European standard material properties
are presented in Table 2.2.
Other physical properties of glass including failure and strength behavior is further discussed
in Section 2.3.
4According to the observations made during a visit to a manufacturing process.
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Table 2.2: Soda-lime glass material properties according to EN 572-1 [2004]; DIN 1249 [1990].
Property Sign Value
Density at 18 C ρ 2500 kg/m3
Young’s modulus E 7x1010 Pa
Poisson ratio υ 0.2
Visual properties
Visual or optical quality has mostly been linked to architectural values and is mostly used to
concern the optical quality of tempered glass [Vogel, 2007; EN 12150-1: 2000, 2000], curvature
or flatness [Meyer, 2007]. At the production line, float glass sheets go through a quality
control procedure that assures glass elements are delivered to customers with a certain visual
quality, normally defined by the supplier. In standards, such in EN 572-8 [2004] glass sizes and
thicknesses are proposed within some toleration.
Glass quality control
In the end of the production line, glass sheets are inspected for defects of larger than 0.2 mm
in size [EN 572-2, 2004], or in ASTM C 1036-01 [2011] for quality levels starting from larger
than 0.5 mm defect sizes.
Glass quality is often mentioned in the relation of strength such as in Shitova et al. [1991];
Gulati et al. [2003]; Veer and Zuidema [2003]. The glass quality is defined then by bending
tests to allow the determination of optimal processing methods and parameters for glass, and
for glass edge quality. When considering glass edge quality, the processing methods are then
referring to edge finishings.
An implementation of a quality control is discussed furthermore in Block [2002]. Glass surface
defect detection is beneficial to identify damage that has occurred during delivery, storage,
handling, and installation. This process helps to identify the point at which damage occurred
to the glass. An evaluation of this data improves the manufacturing or processing area, where
damage took place [Block, 2002]. The flaw detection is further discussed in Section 2.3.4.
2.2.4 Application of coatings on glass
The use and the application of coating products on glass have been standardized in EN 1096-1
[1998]; EN 1096-2 [2001]; EN 1096-3 [2001]; EN 1096-4 [2001]. The European Standard defines
the characteristics, properties and classification of coated glass for use in buildings. Typically
these coatings are developed for energy, solar, ultraviolet or thermal purposes. [Schittich et al.,
1999]
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According to EN 1096-1 [1998], a coating consist of one or more thin solid layers of inorganic
materials applied on the glass surface. Different coating application methods can be separated:
On-line coatings On-line coatings are used to call treatments that are applied on a glass
surface, while glass is still hot and in the manufacturing process before cutting.
Off-line coatings Off-line coatings are applied to individual panels of glass once the glass
has been manufactured and cut.
Some results on coating solutions have been presented, where the glass surface properties are
modified, such in Teisseire et al. [2011]. These studies have been carried out to understand
and improve the strengthening of glass by coatings using polymers [Teisseire et al., 2011; Hand
et al., 2003; Wen et al., 2008], gel-derived coatings such in Chen et al. [1992]; Fabes et al. [1986]
and silicon grease [Haldimann, 2006]. Often these studies have been performed with different
strengthening materials, and therefore their strengthening effect is difficult to be compared.
In addition, in the literature the discussion on coatings is often linked to non-structural or
non-strength-related applications, which is out of the scope of this research.
2.3 Glass strength
2.3.1 Standardized strength and design methods
A large range of design methods is proposed in literature. The most used methods and standard
design methods were already extensively collected to Haldimann [2006], therefore, only the
most used or the ones that are necessary for the rest of the research are introduced.
Glass strength values are generally analyzed with a statistical study using two-parameter
Weibull distribution fitting the failure stress data, such as in EN 12603 [2002]. The two-
parameter Weibull function is expressed as:
G(x)= 1−exp
[
−
(x
θ
)β]
(2.1)
where
G(x) means a distribution function of x percentage of failure
θ is a scale parameter in Weibull two-parameter distribution
β is respectively a shape parameter
Both Weibull distribution parameters are estimated based on the distribution fit to experimen-
tal data.
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This statistical approach is also used in US and Canadian standards applying a glass failure
prediction model (GFPM) to define design values for window glass. The model is discussed in
Beason [1980a,b]; Beason and Norville [1990]; Beason and Morgan [1984]; Evans and Wieder-
horn [1974]; Rice [1984]; Reid [2006]. The load resistance of glass buildings is specified in
ASTM E 1300-04 [2004].
In Europe, the basics for structural design are defined in EN 1990-1 [2002], and the glass design
in drafts prEN 13474-1 [1999]; prEN 13474-2 [2000]; prEN 13474-3 [2004] in addition to other
national standards available in the Netherlands, Germany etc. . The glass design is then based
on an allowable tensile bending stress of a pane, and the magnitude depends on the condition
of the surface, on the size of the pane, on the environment conditions and the duration of
action. The draft standard assumes that the pane fixings are suitable for the use. The actions
acting normal to the designed glass pane are defined according to Eurocode EN 1991-1-1
[2002].
According to prEN 13474-1 [1999] the design glass resistance can be determined using a
characteristic strength value for soda-lime glass fg .k = 45 N/mm2. For annealed glass products,
the allowable stress fR.d is then:
fR.d = kmod
fg .k
γmkA
γn (2.2)
where
γm the partial safety factor for float glass in ultimate limit state equals γm = 1.8
γn = 1.0 is a National partial factor defined in prEN 13474-1 [1999].
The factor for the load duration of annealed glass is expressed as follows:
kmod = 0.663t−
1
16 (2.3)
where t is the load duration in hours. The modification factor kmod depends on the duration of
action, resulting between kmod = 0.27 for permanent loads and kmod = 0.72 for short duration
of loading.
The size factor kA is defined for glass panes, when A is the pane area in (m2):
kA = A0.04 (2.4)
The probability of failure is influenced by several parameters [Overend et al., 1999, 2007b],
the strength theories are presented in Section 2.3.2. The development of design methods are
further discussed, e.g. in Hess [2000]; Haldimann [2006]; Siebert [2007]; Overend [2010].
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2.3.2 Fracture mechanics
The theoretical failure stress of soda-lime glass can be determined from the strength of the
atomic bonds between the individual atoms. According to Orowan [1934], the theoretical
failure stress σm amounts to 32 GPa, calculated with:
σm =
√
Eγ
r0
(2.5)
where
E = 70 GPa is the Young’s modulus
γ= 3 Jm−2 the fracture surface energy
r0 = 0.2 nm is the equilibrium spacing of the atoms
Such high failure stress values do not occur in practice, and the strength of ordinary annealed
glass beam is smaller than the theoretical value [Jacob, 1999]. This difference can be explained
as follows by means of the theory of fracture mechanics.
Fracture mechanics
The significant difference between the theoretical and practical failure stress of glass is caused
by the presence of surface cracks in the material. For a glass failure, the location of the fracture
origin does not necessarily coincide with the point of maximum stress. Rather it is a function
of the crack size relative to the stress. The particular flaw that initiates the fracture is generally
called the critical flaw. [Jacob, 1999]
Glass as a brittle material behaves as an elastic solid in fracture. The stresses and strains due to
an elliptical crack in a plate were studied by Inglis [1913]. He noticed that the applied tensile
stress σ was related to the radius curvature ρ of the crack tip. This relation is expressed with
σρ describing the stress concentration at the crack tip:
σρ = 2σ
√
a
ρ
(2.6)
where a is the half-width of the crack. Crack dimensions are described in Fig. 2.7.
According to the theory of minimum energy, an elastic solid deformed by a surface force, finds
its equilibrium state at the minimum potential energy. Griffith [1920] obtained a criterion of
fracture, where the process involves a continuous decrease in potential energy. The reduction
in potential energy is equal to the strain energy due to the formation of a crack. Griffith’s
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Figure 2.7: Flaw configuration in a body. Illustration is adapted from Inglis [1913].
results on glass led to the development of an energy balance theory on fracture:
σG =
√
2Eγ
pia
(2.7)
where
σG is a failure stress
E the Young’s modulus (in plane stress)
a is a crack depth
γ is the fracture surface energy of glass
If Young’s modulus equals to E = 62 GPa, is γ estimated then to be γ = 1.75 Jm−2 according
to Lawn [1993]. The energy approach on glass failure was also discussed in Reich et al. [2012]
with a literature review on glass fracture energy. The link between failure stress and crack
size was confirmed by Griffith, and has since been used to calculate the critical flaw size from
failure stress data similarly to Clarke and Faber [1987]. See Section 2.3.4 for proof testing.
Stress intensity factor
Glass with a surface crack can be explained as an isotropic linear elastic continuum. Even in
continuum stress analysis, three modes of crack surface displacements can be distinguished.
There are three ways for the surface crack to propagate to failure, as illustrated in Fig. 2.8.
Mode I has a force normal to the crack plane indicating a crack opening due to tensile stresses.
Mode I I is linked to a shear stress that is acting parallel to the plane of the crack. The third
failure mode I I I acts in out-of-plane shear. [Irwin, 1957]
As an example, the type of failure, where glass is under a uniformly applied stress, can be
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Figure 2.8: Three failure modes as a schematic illustration: mode I (opening mode), mode I I
(sliding mode) and mode I I I (tearing mode).
expressed as mode I failure. Then the crack propagates due to tensile stresses acting at crack
opening.
Griffith’s solids theory was modified by Irwin [1957] introducing a term called stress intensity
factor (SIF). The influence of flaws on failure stress is explained by means of the stress intensity,
which represents the elastic stress intensity near crack tip. Irwin defined the SIF for mode I
loading as follows:
K I = Y σ
p
pia (2.8)
where
σ is a stress
Y is a geometry factor
a is a crack depth.
The failure occurs when the stress intensity factor reaches its critical value K I c , also called
fracture toughness [Anderson, 2005]. The failure stress can be described by means of fracture
toughness K I c , the crack depth a and by the geometry factor Y , according to Eq. 2.8.
The fracture toughness is used for materials with a crack to describe their ability to resist
fracture. The propositions in the literature for soda-lime glass vary from 0.72 MPa
p
m to 0.82
MPa
p
m [Mencik, 1992]. However, in this thesis it is chosen to agree with Porter [2001], to use
a value 0.75 MPa
p
m. More information on the variation of stress intensity factors is presented
in the literature, e.g. [Haldimann, 2006].
The geometry factor is a property of the crack configuration, and can be defined also by
crack dimensions a and c, similarly to Irwin [1962]. In the literature c is also sometimes
described as a half-length of the crack, however, in this text a is always referred as the depth
and c respectively for the width, as illustrated in Fig. 2.9. The figure shows both corner and
surface cracks, where the x−axi s and y−axi s correspond to the glass specimen cross-section
dimensions.
In the literature the crack depth a is calculated as a function of loading time a(t ) [Bru¨ckner-
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Figure 2.9: Illustration of the dimensions of a) a corner crack b) an edge surface crack, where x
and y −axes correspond to the glass specimen cross-section dimensions.
Foit, 2001b] (Eq. 2.9), while the crack obtains its failure depth a f at the failure stress σ.
a(t )=
(
K I
σ(t )Y
p
pi
)2
(2.9)
Alternatively, the flaw depth can be defined experimentally by measuring the dimensions
using microscopy, similarly to Mecholsky et al. [1974].
The theory of fracture mechanics considers brittle materials containing a crack, mostly half-
penny in shape. For each crack configuration, stress intensity factors (SIFs) can be separately
determined, either by defining SIFs directly (such as in handbooks by Murakami [1987] and
Tada et al. [1985]) or determining rather a value for the geometry factor Y , appearing in Eq.
2.8.
For an infinite plate subjected to in-plane uniform stress σ perpendicular to a through-
thickness crack, Irwin [1967] estimates Y = 1. The geometry factor for edge through-crack is
Y = 1.13 [Irwin, 1967]. In addition, he proposed a value of Y = 2/ppi= 1.128 for an embedded
circular crack or Y = 1.12 for a general surface crack. For straight cracks in infinite specimen,
a value of Y =ppi is estimated for surface cracks and Y = 1.12 for edge cracks, according to
Lawn [1993]. Newman and Raju [1979, 1984] defined the configuration of surface and corner
flaws by numerous equations where Y is a function of a, c and the size of the specimen. The
latter approach was applied by Porter [2001] who settled upon a constant value of Y = 0.722
for corner cracks. A list of geometry factors is presented in Table 2.3.
It is acknowledged that a large variety of SIF values exist in the literature, separately for
different cracks: notches, holes and edge cracks in an infinite or semi-infinite plane among
other propositions [Tada et al., 1985]. SIF values are presented for three failure modes:
K I = Y σ
p
pia K I I = Y τ
p
pia K I I I = τl
p
pia (2.10)
In this context Tada et al. [1985] proposed to use Y = 1.1215.
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Table 2.3: List of geometry factors given in Haldimann [2006].
Geometry factor Description Reference
Y
0.564 Glass on glass scratching Ullner [1993]; Ullner and Ho¨hne
[1993]
0.637 Elliptical crack Lawn [1993]
0.666 Vickers indentation Ullner [1993]; Ullner and Ho¨hne
[1993]
0.713 Half-penny shaped crack on a
flexure specimen
Overend [2002]; Warren [1995]
0.722 Quarter-circle crack on glass
edges
Porter [2001]
0.999 Sandpaper scratching Ullner [1993]; Ullner and Ho¨hne
[1993]
1.120 Surface crack in a semi-infinite
specimen
Irwin [1962]
Similar propositions exist for an edge notch in a three-point bending element among other
loading cases and body sizes [Tada et al., 1985].
Time-dependent strength
Glass strength is time-dependent due to stress corrosion 5 that causes subcritical crack growth
in glass. This phenomenon of crack propagation occurs in glass when it is exposed to tensile
stress and humidity. The subcritical crack growth is described as a small growth at the crack
tip microstructure in the theory, often called as the Hillig-Charles theory. The mechanism is
presented as an alkali-ion self-diffusion, which is an initial set of water corrosion and leads
to breakdown of the glass network [Charler, 1958a,b; Hillig, 2007a]. The stress corrosion
mechanism is shown in Fig. 2.10 and in Fig. 2.11 for the assumed crack-tip propagation.
Fig. 2.11 illustrates the hypothetical changes in crack-tip geometry, where a) indicates a crack
sharpening due to stress enhanced corrosion, b) intermediate stress corrosion and corrosion
balanced to yield constant tip radius, and c) low crack-tip rounding due to corrosion [Charles
and Hillig, 1962]. By combining the thermodynamic equation for dissolution with the crac-
tip stress, Charles and Hillig [1962] show that these three possibilities exist for the effect of
dissolution on crack-tip shape [Michalske, 1983].
The hypothesis on crack-tip behavior related to fatigue is discussed if cracks grow or sharpen
during fatigue [Ullner and Gehrke, 1984]. The stress corrosion has been debated for decades
and a large amount of work exist in the literature discussing on the static fatigue mechanisms
in soda-lime glass, e.g. in Lawn [1993]; Hillig [2007b]; Ciccotti [2009].
5Also called static fatigue in the literature.
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Figure 2.10: Basic mechanism of the stress-corrosion reaction from Michalske and Freiman
[Michalske and Freiman, 1983], also illustrated in [Ciccotti, 2009]. a) Absorption of water to
Si-O bond, b) concentrated reaction involving simultaneous proton and electron transfer, and c)
formation of surface hydroxyl groups.
Figure 2.11: Crack-tip propagation according to Michalske [1983].
The stress intensity factor K I and the crack propagation velocity v have a relation:
v = d a
d t
= v0
(
K I
K I c
)n
(2.11)
The possible values for crack velocity parameters v0 and n are discussed in Haldimann [2006].
It is acknowledged by Wiederhorn [1967]; Kerkhof [1975]; Charler [1958a] that the values are
dependent on testing conditions. Values v0 = 0.01 mm/s n = 16 are agreed on corresponding
to the laboratory conditions [Haldimann, 2006], but they vary depending on testing conditions,
see propositions in Table 2.4.
Variations in crack velocity parameters can also be caused by a different chemical composition
of glass [Wiederhorn, 1975], pH of the ambient testing environment, the presence of water and
other liquids [Wiederhorn et al., 1982] and the temperature [Wiederhorn and Bolz, 1970]. Crack
velocity increases, when relative humidity RH % increases, as shown in Fig 2.12 [Wiederhorn
and Bolz, 1970]. This is important information, concluding that the increase in the air humidity
has influence.
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Table 2.4: Crack velocity parameters concluded by Haldimann [2006].
Crack velocity parameter v0
0.01 mm/s laboratory conditions
6 mm/s general value for environmental conditions
30 mm/s glass immersed in water
Figure 2.12: Left, effect of relative humidity on crack growth in glass according to Wiederhorn
[1967] and right, effect of temperature on crack propagation according to Wiederhorn and Bolz
[1970]. Ciccotti [2009]
According to the theory of fracture mechanics, glass failure stress was defined using the stress
intensity factor in Eq. 2.8. This equation is only valid in testing conditions, where stress
corrosion can be eliminated, for instance by testing in vacuum. If the subcritical crack growth
is considered, the crack propagates as a function of loading time. This approach is presented
similarly to Bru¨ckner-Foit [2001a]; Haldimann [2006] and the derivation of the following
equations is explained in Appendix A. Solving the differential Eq. 2.11, the crack depth as a
function of loading time t is obtained:
a(t )=
(
ai
2−n
2 + 2−n
2
v0K I c
−n(Y
p
pi)n
∫ t
0
σ(τ)dτ
) 2
2−n
(2.12)
The same relation can be expressed in terms of stress value σ with a static loading time t . The
failure stress value σ f is obtained when the flaw depth reaches its failure value a f after the
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final loading time t f .
σ(t )=
[
2
t (n−2)v0K I c−n(Y
p
pi)n ai (n−2)/2
]1/n
(2.13)
Eq. 2.13 is valid when the critical crack is propagating to mode I failure. Furthermore, more
complex flaw models and strength methods are discussed below.
Fracture statistics
Glass strength is dependent on several parameters that are often treated as variables due to
their uncertainty. As a result, failure prediction models are based on probability distributions
to take into account all influencing effects. By combining deterministic and statistical analyses,
statistical fracture mechanics with propositions for failure prediction is obtained, similarly to
Baratta and Katz [2001].
Glass fracture is normally analyzed using the Weibull theory [Weibull, 1939] also presented
in the Standards EN 12603 [2002]. The multiaxial Weibull theory allows prediction of the
failure probability and the lifetime distribution with a time-dependent loading [Bru¨ckner-Foit,
2001a].
Calderone and Jacob [2005] discuss predictive techniques mentioning the most used methods.
The statistical weakest link theory introduced by Weibull [1939] is generally used as a basis to
predict the probability of failure for a glass plate. Beason used the risk function suggested by
Weibull, which included the surface flaw parameters m and k (also called θ and β according
to EN 12603 [2002]) in a failure prediction model by Beason [1980b]. The Weibull relationship
assumes a flaw size distribution. As long as such a uniform distribution is present in the glass,
the calculated value for m can be used for routine procedures of probabilistic design. Instead
of relying always on the Weibull theory, a model based on log-normal distribution is proposed
by Nurhuda et al. [2010]. Fitting results to the Weibull theory has been found to be inconsistent
[Calderone and Jacob, 2005] and therefore the need for an alternative model is questioned.
Haldimann [2006] proposed a Lifetime prediction model applying fracture mechanics to cover
not only the critical flaw, but the entire surface flaw population, combined with the failure
probability. This random flaw population is modeled using a Poisson distribution. Finally, the
failure stress is proposed as a function of a lifetime, predicting the failure using the Weibull
theory.
Another crack model existing in the literature, called the Crack Size Design is proposed by
Porter [2001]. With this method, a design crack is located at all critical positions in the structure
(such as in high tension regions). The method is conservative, but allows the definition for a
design strength, which is then applied to the whole structure.
The methods of advanced structural reliability analysis are solved by using First Order Reliabil-
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ity Methods (FORM) and Monte-Carlo simulations. The problem of modeling the probabilistic
fracture of glass can be carried out as a parametric study. These methods were used by Sprung
[2003, 2007] for cracks in glass and by Chakraborty and Rahman [2009] for studying compos-
ites. For further information of the structural reliability study and probabilistic fracture, it is
proposed to consult literature, e.g. Melchers [1999].
Flaw population
Until now, the Griffith’s theory has introduced a method, where the critical flaw initiates
the failure. This is studied by experimentally testing glass with artificial flaws or numerical
calculations and simulations with theoretical cracks in a body [Isida et al., 1984; Hoshide and
Inoue, 1991]. In consideration of the probability of failure, the theory considers the brittle
material to consist of a random surface flaw population. A finite number of flaws then follow
a Poisson distribution for non-interacting flaws. Alternatively, the flaw distribution can be
linked to the Weibull modulus such as described in Jayatilaka and Trustrum [1977]; Batdorf
and Crose [1974].
Size effect
The principle of size effect was already presented in Section 2.3.1 according to prEN 13474-1
[1999]. The size of the loaded area has an influence on the failure stress. Typically, this effect
has been explained according to Weibull theory referring to the fact that a larger panel is more
likely to have a large flaw in a high stress region, than small panel.
The size effect can be expressed according to Davies [1973]; Fischer et al. [2002] for a volume:
σ1
σ2
=
(
Ve f f .2
Ve f f .1
)1/β
(2.14)
where
σ1 and σ2 are tensile stress values
for two elements of different sizes, expressed of effective volumes Ve f f .1 and Ve f f .2.
The parameter β can be defined according to Weibull fit [EN 12603, 2002]. The Eq. 2.14 is
often adapted to only compare areas or linear dimensions rather than volumes, such as in
Vandebroek et al. [2011].
2.3.3 Introduction to fracture surface analysis
Glass failure interpretation reveals important information about glass failure. Quantitative
and qualitative techniques exist that allow the estimation of the failure stress from the physical
characteristics of the broken glass. [Overend et al., 2007a]
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Under a failure stress, once a fracture origin i.e. the critical flaw starts to propagate, mirror
boundary hackle lines are created after the radiating crack reaches terminal velocity [ASTM
C1678-10, 2010]. This mirror is a relatively smooth region in the immediate vicinity of the
fracture origin. A standard practice for fractographic analysis of fracture mirror sizes in
ceramics and glasses is proposed in ASTM C1678-10 [2010]. The practice contains detecting
the morphology of the fracture surfaces, which is characterized by three distinct regions:
mirror, mist, and hackle [Shand, 1959]. These regions are illustrated in Fig. 2.13. Fracture
patterns of this form have been observed in glass [Levengood, 1958; Shand, 1959; Johnson
and Holloway, 1966; Kirchner et al., 1975] and in other materials including brittle plastics and
metals [Kies et al., 1950; Leeuwerik and Schwarzl, 1955; Andrews, 1959; Haneman and Pugh,
1963; Gilbert et al., 1964].
Figure 2.13: Mirror radius, mist and hackle area at the vicinity of the fracture origin (reprint
from Fig. 2). Mirror shown in a cross-section (right).
According to previously mentioned references, a relation between the mirror radius rm and
the failure stress σ f is:
σ f rm
1/2 =B (2.15)
where B is a constant value. The magnitude of constant B [MPa
p
m] depends on the material
properties [Johnson and Holloway, 1966], but some proposals for glass can be found in the
literature. Rodichev et al. [2007] uses a value in the range of 2.2− 3.7, while Johnson and
Holloway [1966] proposes values of 1.7−2.3 for different glass products.
The main contributions interpreting fracture zones in brittle materials is presented further
in Quinn [2007]. A combination of two approaches: fracture mechanics (Eq.2.8) and fracture
mirror analysis (Eq.2.15) was found in the literature. A relation between the critical flaw and
the fracture mirror size is observed. This relation is presented in the literature, by a relation of
the flaw depth a to the mirror radius rm being 1/10, a = 0.10rm [Rodichev et al., 2007] or at
least linear [Levengood, 1958].
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2.3.4 Identification and characterization of flaws
The theory of fracture mechanics showed a link between crack size and failure stress. Strength
is controlled by the largest micro-structural defect, i.e. the critical flaw and that the failure
stress is inversely related to the crack size as predicted by the Grittith relationship [Clarke and
Faber, 1987]. The assumption made is that any material contains a population of flaws in
varying sizes. Clarke and Faber [1987] observed that the variation in strength is attributable to
a variation from one sample to the next of the size of the largest flaw. From a practical point of
view any attempts to increase the reliability of a material have been directed to understand
the distribution of flaw sizes. [Clarke and Faber, 1987]
It is not clear what is the origin of the surface micro-flaws. Varner and Oel [1975] studied the
causes of flaws, and noticed that the flaw origin can be recognized. Several types of flaws
and cracks influence the strength, including those created during manufacturing process.
Glass is sensitive for all kind of scratches [Schneider et al., 2012]. The defects, damage and
scratches created during and after the production line have a great influence that should not
be neglected [Schmidt and Nugent, 2009]. Knowledge of actual surface flaws is possible by
non-destructive testing (NDT) techniques, although most conclusions are drawn after failure,
when the fracture origin is clear. The information of flaws is then obtained by fractographic
examinations [Baratta and Katz, 2001].
In order to identify the flaws, inspection methods are proposed such as ASTM C 1036-01 [2011].
When a certain damage is noticed in glass, ASTM C 1036-01 [2011] standard is consulted
to inspect scratches and if they are allowed for glass quality. Defects in glass have been
presented in CAN/CGSB-12.3-M91 [1991] respectively in ASTM C 162-05 [2010], see Table 2.5
for terminology.
Machining flaws
In Section 2.2.2, the manufacturing process of edge finishings was described. During the
manufacturing process, machining flaws are created; however, the complexity of the flaw
configurations of these machining flaws is not well understood. According to the theoretical
approaches presented earlier, cracks follow a standard elliptical or circular shape; however it
is assumed that under most conditions flaws can have a wide range of configurations.
In the literature, the glass machining flaws are investigated for cut and grinded glass. Cutting
parameters have been noticed to influence the glass quality [Kondrashov et al., 2001]. When
cutting glass, many surface flaws appear on the surface due to the tensile stresses induced by
the cutting tool. The surface flaws tend to be larger if manually cut due to uneven handling
pressure, however it is not stated that the glass failure behavior would then be any different. As
a result of cutting, periodic surface flaws appear in the edge surface behind the loaded cutting
tool. The spacing between the cracks and their depth was studied by Kim [1996]. Kim [1996]
noted that the spacing between the periodic surface cracks increased with the edge radius
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Table 2.5: Collection of glass terminology for imperfections in glass, modified from CAN/CGSB-
12.3-M91 [1991].
Defects in glass Description
Bubbles The term is applied to inclusions in glass, larger than 1.0 mm
in maximum dimension, whereas small bubbles refers to size
between 1.0 and 2.5 mm.
Digs Deep, short scratches.
Process surface defects Very fine surface defects remaining on the surfaces of plate glass
from the grinding and polishing process, consisting of fine pits
and cracks that are denoted as finish. When this condition is
visible, it is called short finish.
Sand holes Rough sports on the polished surface, produced during coarse
grinding, that fine grinding did not remove later owing, to some
extent, to coarse grains of grinding sand becoming mixed with
finer grades.
Scratches Any marking or tearing of the surface appearing as though it
had been done by either a sharp or rough instrument. Scratches
occur on glass in all degrees from various accidental causes.
Block reek is a chain-like scratch produced in polishing. A
runner-cut is a curved scratch caused by grinding. A leek is a
hairline scratch. A crush or rub is a surface scratch or series of
small scratches generally caused by handling.
Short finish Insufficient polish or lack of brilliancy; improperly finished sur-
face that has the appearance of being slightly pitted and wavy
when the surface is viewed in reflected light. These indenta-
tions, which are slight, have a polished rather than a ground
surface, but the general effect is a slight dulling of the surface.
Poor polish is usually caused by improper grinding.
Sleek A fine scratch-like mark having smooth boundaries, usually pro-
duced by a foreign particle in the polishing operation.
when the depth of indentation was constant. The normal and tangential forces increased as
the edge radius increased.
Levengood [1958] found a relation between scoring damage and failure stress. Levengood
[1958] states that most failures initiate from the scoring damage, therefore the failure stress σ f
relates to the scoring width, d , as follows:
σ f d = 95.6[l bs/i nch]= 16.7[N /mm] (2.16)
Other sources discuss the existence of machining-induced flaws that have been studied using
fractographic observations by Rice and Mecholsky [1979]; Mecholsky et al. [1977]. Simi-
larly the failure origins were associated with machining damage [Marshall et al., 1983] and
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grinding-induced cracks [Li and Liao, 1996; Quinn et al., 2005]. The effects of various grinding
parameters on the flexural bending strength, surface-roughness parameters, and surface
microstructure of ceramic materials are discussed by Bandyopadhyay [1995]. However, in this
case of individual surface flaws, the surface roughness measurements may not be necessary.
The indentation crack in the surface of a homogeneous material subject to an applied external
stress represents a simple instance of non-uniform loading. Non-uniformity arises from the
fact that, in addition to the uniform applied stress, the indentation crack has an associated
residual stress field [Clarke and Faber, 1987]. Similar residual stresses can be supposed to
appear also in other machining flaws. It is observed for ceramic materials that a grinded
surface may contain a layer of residual stresses due to the mechanical and thermal stresses at
the grinding interface. [Li and Liao, 1996] It is therefore possible that residual stresses exist in
machining flaws. From the point of view of residual stresses, high edge quality ensures high
strength, but can also sustain high tension stresses during tempering and thereby improve
also tempering quality without breaking [Gulati and Roe, 2001].
Edge strength
Earlier it was shown that glass strength is related to flaw size. But is there a difference in flaw
sizes according to their location? Are glass pane surface flaws similar to the ones at the edge?
Veer et al. [2007] studied the effect of load direction in bending strength by testing glass of
various sizes in-plane and out-of-plane bending. As a result, Veer et al. [2007] showed that the
edge failure stress was different from glass pane surface failure stress. Edge failure stress values
were normally lower, therefore edge is assumed to contain larger flaws. Experimental studies
only concentrating on the edge have been reported studying thin glass edges in bending
[Gulati et al., 2003; Gulati and Helfinstine, 2011; Vandebroek et al., 2012b], as well as different
edge finishings in bending [Corti et al., 2005; Veer and Zuidema, 2003].
Gulati and Helfinstine [2011] studied 0.7 mm thin glass edge by bending to study its applica-
tions especially in electronics. Gulati and Helfinstine [2011] showed that four-point bending
test was relatively simple test and the tests can be carried out in various environments. Due
to the small thickness of the specimens, lateral instabilities were an issue, when the failures
initiate from lateral buckling.
Corti et al. [2005] concluded that to achieve high strength values, edge finishings are the
only way to increase values after cutting, although without giving any experimental evidence.
Indeed, the edge quality seems to be the dominant factor determining the edge strength [Veer
and Zuidema, 2003]. The importance of flaw sizes is acknowledged in several references,
although without any evidence on the actual sizes and shapes of edge flaws. What process
creates them? What is their configuration? How can they be measured? What is the relation
between their size and the strength of the glass specimen?
The edge strength is currently also studied in the research of Vandebroek et al. [2012b]. Fur-
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thermore, it is under study by the Fachverband Konstruktiver Glasbau in Germany. However,
from the latter project no publications were found at this moment in time.
Despite existing literature on glass edge strength studies, it is noted that the existing knowledge
concerning glass edge is either non-existing or practically not yet studied. The fundamental
questions of understanding glass edge strength is seen important for the entire strength of a
glass elements, and is therefore seen predominant in this research to be studied. The work in
this thesis is focused on glass edge strength, validating experimentally the existing theoretical
hypotheses that are now used only in general for brittle materials.
Microscopy and non-destructive testing
Surface micro-flaws can be studied using various measuring methods and visual estimations
depending on the measured object. Among many non-destructive inspection techniques
appear possibilities to be used in the study of micro-flaws.
The scanning electron microscope (SEM) is often used to provide clear visual images of the
studied object without limitation of the flaw size [Chen and Chang, 2002; Daphalapurkar
et al., 2011; Brown et al., 1989; Kirchner et al., 1976]. Among optical techniques, a confocal
microscope [Chae et al., 2004], or other method of optical profilometry, provide another way of
flaw detection. In mechanical profilometry measurements, the study is carried out by moving
the studied surface relative to the contact profilometer’s stylus. For three-dimensional surface
examination, popular techniques include digital holographic microscopy or other methods of
interferometry [Shah and Choi, 1999; Regnault and Bru¨hwiler, 1990; Rodrìguez-Martin et al.,
2010; Maji et al., 1991; Ferretti et al., 2011; Dìaz et al., 2002].
For the study of flaw propagation, other types of measuring techniques are required. Then
the flaw propagation can be detected inside the material by using methods such as ultrasonic
[Nonaka et al., 1990] or acoustic emission [Clarke et al., 1985], in addition to high-speed
cameras [Nielsen et al., 2009]. Considering the velocity of crack propagation during a fracture,
these methods can only capture some or any measurements during flaw propagation and
glass failure.
Proof testing
Non-destructive testing is useful during development of glass products in the aim of improving
machining quality [Baratta and Katz, 2001]. However, destructive testing can be used to apply
fracture mechanics in order to determine the initial critical flaw size. The initial flaw size can
be estimated by proof testing. Then a proof test load, σp , which is larger than the service load,
σa , is applied to the glass in an inert environment. This procedure guarantees that the glass
passing the proof test will have flaws smaller than the critical size ac that would have resulted
in failure. In fracture mechanics terms, the stress intensity factor at the crack tip of the most
serious flaw, Kp , has to be less than K I c if the glass panel is not to fail during the proof test.
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[Jacob, 1999]
Jacob [1999] demonstrated the impact that a small flaw has on the reduction in strength. The
failure stress was described as a function of flaw depth and showed decrease in strength where
the flaw got deeper, while the geometry factor was assumed as a constant value Y = 1.12. From
this it can be determined that for annealed glass: the limiting flaw based on a design stress of
15.7 MPa is 0.745 mm. The limiting stress based on a maximum flaw depth of 0.008 mm is 47.9
MPa. Using a safety factor of 2.5 for permissible glass design, the design stress will be 19.16
MPa.
An alternative strategy is to load a number of specimens and those with unacceptably large
flaws to failure during the proof test. Proof stress levels are selected using Weibull statistics
to assure acceptably low failure probabilities in service [National Materials Advisory Board ,
1980; Baratta and Katz, 2001].
2.4 General testing procedures
2.4.1 Strength testing
European standards present several methods for glass strength testing. The principals are
explained in DIN EN 1288-1 [2000]. Surface strength testing is performed by coaxial double
ring tests for large surface areas [DIN EN 1288-2, 2000] and respectively for small surface areas
[DIN EN 1288-5, 2000]. For four point bending test, a standard dimensions are proposed in
DIN EN 1288-3 [2000], illustrated in Fig. 2.14.
Figure 2.14: Standard four point bending test described in DIN EN 1288-3 [2000], where 1) the
glass specimen, 2) bending points, 3) support points, 4) intermediate layer of rubber. Lb = 200
mm and Ls = 1000 mm.
In the standard four point bending test [DIN EN 1288-3, 2000] glass is loaded at a constant
stress rate of 2±0.4 MPa/s. The testing conditions are proposed to be in the range of 23±5◦C
in temperature and 40−70% in relative humidity.
Also in ASTM C158-02 [2007]; ASTM C1161-02c [2008] standard in-plane bending strength
testing methods were presented. The test procedure is for specimens 250 mm in length and
38.1 x 3.2 mm in width with a support space of 200 mm and a load span of 100 mm. The
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proposed stress rate is 1.1±0.2 MPa/s.
More standard testing methods are also presented in the literature, e.g. in Haldimann and
Crisinel [2007]. Due to limitations of tested specimen sizes and their test procedures, it is
noticed that non-standard strength testing methods are often used.
Most standard methods propose bending tests in double-ring way or in out-of-plane bending.
The bending in-plane was presented in Sedlacek et al. [1999], and as discussed previously
about edge strength, also other dimensions for an in-plane testing are used.
2.4.2 Loading conditions
Glass as a structural member, is loaded according to EN 1991-1-1 [2002] similarly to other
standards. As presented previously, the standard testing conditions, such as in DIN EN 1288-
3 [2000], propose testing at a constant stress rate. In order to modify the obtained failure
stress results to correspond to constant stress loading, the experimental stress values can be
transformed. These equivalent stress values are proposed by Mencik [1992]:
σeq = g 1/nσ f (2.17)
where g is a shape coefficient, depending on the load history. For a constant stress rate
g = 1/(n+1). This transformation is made from constant stress rate to constant stress loading
[Vandebroek et al., 2012a]. This transformation from a constant stress rate to a constant stress
loading is necessary as the strength theory according to fracture mechanics is based on a
constant stress. The transformation is therefore not needed in a case that the specimens have
been tested at a constant stress.
The influence of cyclic loading, i.e dynamic fatigue appears in glass applications in service
conditions with vibrations [Vuolio, 2003]. Charles [1958] concluded that the dynamic fatigue
appears to be a form of static fatigue, probably influencing the crack tip conditions. According
to Boxheimer [2007], the cyclic loading shows that the Young’s modulus is time-dependent.
2.5 Conclusions
In this chapter, the state of the knowledge on soda-lime glass products, manufacturing pro-
cesses, strength, failure and testing was introduced. An explanation and illustration of the float
line glass production and how glass is further processed. Soda-lime glass is produced with a
certain material composition that defines its physical properties, but also the manufacturing
process was seen important in the study of glass strength.
The literature review on glass failure stress and failure shows the importance of surface flaws.
In theory, flaws determine the final failure stress as well as the failure behavior of the glass
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element. In addition, testing conditions have influence in strength, in terms of humidity and
temperature. Glass strength is time-dependent and is a function of the loading time. A large
variety of methods combines fracture mechanics with statistical analysis, which allows the
strength to be related to a failure probability.
According to the theory of linear elastic fracture mechanics, glass failure stress can be explained
in terms of a stress intensity factor (SIF), which is a function of crack depth (a) and geometry
factor (Y ). Flaws in glass are different depending on their location, being larger at the edge due
to a manufacturing process. Studying glass elements after failure allows the measurements
of a fracture mirror zone that was shown to have a link to the failure stress. Furthermore, the
identification of flaws using existing measuring techniques was presented.
The real physical phenomenon of the glass failure initiation from real surface flaws is poorly
explained in literature and often lacks a theoretical explanation. Therefore, this research
examines soda-lime glass especially the edge of a glass, which contains machining flaws
created during a manufacturing process and edge finishings process.
As was already mentioned in Chapter 1, further questions on flaw characterization will be
considered in this work:
• What process creates edge flaws?
• Is the flaw configuration different depending on the manufacturing process?
• Which flaw is the one initiating the failure?
• How can these flaws be physically measured?
• Considering the link between flaws and strength, what influences the most: flaw size,
their location or shape?
• Which other factors influence strength?
• Can existing theories, such as the theory of fracture mechanics, fracture surface analysis
and failure prediction models, be used and validated by experimental results?
• If these theoretical models can be applied to real edge machining flaws and not just
theoretical cracks?
Mostly glass failure is presented in the light of theoretical cracks, lacking the validation between
real machining flaws to the failure strength. Theoretical basis allows in the coming chapters to
evaluate the usefulness of presented theories as well examine other strength-related factors.
33

3 Experimental investigations
This chapter gives an overview of the experimental investigations carried out for small-scale
glass specimens. The glass specimens are tested in four-point bending performing flaw detection
on the tested specimens, both before and after failure. As a result, bending strength values
are obtained for each specimen. The strength values are linked to the measurements of the
dimensions for each critical flaw.
3.1 Introduction
This chapter presents experimental tests carried out on small-scale glass specimens. The
experimental study consists of four-point bending tests for specimens that are inspected
from edge flaws using available microscope techniques. The experiments are performed for
monolithic glass specimens with and without protective coatings.
The experimental glass study can be distinguished in two parts: a) Influence of manufac-
turing process. What is the influence of edge finishings and manufacturing process? The
experiments are carried out for: 5 edge finishings, 7 suppliers and two thicknesses: 4 and 8
mm.
What parameters influence the strength and, furthermore, how can the strength values be
improved? According to earlier observations in the literature (Section 2.3.4), the edge strength
is lower than the glass surface strength tested in out-of-plane loading. The characteristics
of the edge strength were dealt by concentrating the experimental study on the edge flaws
created during manufacturing process.
b) Strengthening effects of protective coatings on glass. The experiments include: 5 different
coating products on polished 4 mm thick glass. This part deals with the time-dependency in
glass strength referring to stress corrosion. It was stated (earlier in Section 2.3.2) that glass
strength is time-dependent, i.e. strength decreases due to stress corrosion during a loading
time. The failure stress σ f can be expressed then as a function of loading time t . The stress
corrosion can be avoided by preventing humidity at the glass surface.
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Two hypotheses are discussed considering the edge strength and how the strength could be
improved: a) By improving the edge finishing, i.e. decreasing the flaw size or b) by using
a protective coating maintaining the strength at the inert strength level. Both options are
illustrated with an example in Fig. 3.1, where (1) points at the initial time-dependent strength
value σ(t ) after t = 1000 s loading, and 1a) and 1b) are the hypothetical values in strength after
improvement a) or b).
Figure 3.1: Two study cases 1a) to improve the glass strength, or 1b) by using a protective coating
and avoiding the effects of stress corrosion.
In both study cases, small-scale soda-lime glass specimens are tested with the objective of
creating tensile stresses at the studied edge area. Two options for test methods were initially
pointed out: testing in tension or in bending. Due to the limitation that the edge finishing
could only be processed to one of the edges of the small-scale specimen, it was chosen to
carry out in-plane bending tests, where the tensile stresses are acting at the edge surface. The
in-plane bending test also directly simulates a beam application. Comparing the influence of
the loading time in strength, the tests were performed at both a high stress rate and low stress
rate. The test methods are explained in Section 3.3.
In this chapter, the small-scale specimens including a description of the tested materials
and coatings are introduced in Section 3.2. The glass specimens are tested in bending, and
studied with non-destructive techniques, e.g. microscopes in Section 3.3.3. All test results are
presented in Section 3.4.
All specimen dimensions, measurements and test results are listed in Appendix C, D and E.
Some exploratory results are also published in Lindqvist et al. [2011].
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3.2 Test specimens
The glass material tested is made of a soda-lime float glass of a consistent composition 1, as
described earlier in Section 2.2.3. Glass specimens were cut manually or with a water-cutting
machine to their size, 110 mm x 10 mm x 4/8 mm of nominal dimensions. The size of the
glass specimens was limited due to a microscopy study. In order for the specimen to fit under
the microscope lens, the height of the beam specimen was limited to approximately one
centimeter. Due to the small size of the specimen, the two thinnest structurally used glass
thicknesses commonly available in the industry were chosen for the study: 4 mm and 8 mm.
The load span was 100 mm, representing then 1/10 relation with height/length for the beam
specimen.
The aim was to have 25 specimens for each test series, however, the number of tested speci-
mens varied between series. For instance, the number of specimens is double for polished
edges of supplier (A) (4 mm). Some reduction in the number of specimens was also caused by
the availability of glass or damage at glass specimens. The reasons behind the variation are
later discussed in Section 3.6.
3.2.1 4 mm thick glass specimens
The first part of the experimental study contains specimens of five edge finishings:
• cut
• arrised
• ground
• polished
• water-cut
These edge finishings are compared, produced by different suppliers, A to G. The manufac-
turing process of each edge finishing was described in Section 2.2.2. The series of tested
specimens are listed in Table 3.1 for 4 mm thick glass specimens.
The height of each specimen was measured from three places taking the average of all mea-
surements. The height of the specimens alternated from 9.93 mm to 12.75 mm depending on
the specimen series. Initially the height aimed to 10 mm, but height variations were included
due to recommendations from collaborative parties. The measurements also revealed that the
thickness varied between glass suppliers and was never exactly 4 mm. All experimental values
for 4 mm thick glass specimens are listed in Appendix C.
1A consistent composition of this annealed glass is an assumption due to a lack of information of the production
of each glass element studied. In addition it was assumed that the received glass panels were annealed and
contained no residual stresses.
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Table 3.1: Overview of the number of specimens for 4 mm thick glass specimens. For height and
thickness, the measured mean values are indicated (with a standard deviation).
Edge Supplier Stress Number of Load Height Thickness
finishing rate specimens span [mm] [mm]
[MPa/s] [mm]
Cut A High 17.2 (2.3) 20 40 10.20 (0.27) 3.83 (0.03)
Low 1.4 (0.1) 20 40 10.11 (0.20) 3.83 (0.03)
Cut B High n/a 19 40 10.00 (0.16) 3.78 (0.03)
Low n/a 16 40 9.97 (0.16) 3.78 (0.03)
Cut C High 49.3 (0.9) 17 50 12.75 (0.13) 3.86 (0.03)
Low 2.0 (0.05) 19 50 12.65 (0.12) 3.85 (0.03)
Cut D High 53.0 (1.5) 20 50 12.41 (0.16) 3.83 (0.03)
Low 2.1 (0.07) 20 50 12.33 (0.23) 3.84 (0.04)
Arrised D High 49.3 (1.8) 20 50 12.40 (0.16) 3.82 (0.03)
Low 2.0 (0.08) 24 50 12.29 (0.15) 3.83 (0.03)
Arrised E High 49.6 (0.8) 20 50 12.13 (0.09) 3.74 (0.01)
Low 2.0 (0.03) 26 50 12.15 (0.08) 3.74 (0.01)
Ground C High 50.0 (3.4) 16 50 12.13 (0.17) 3.80 (0.03)
Low 2.0 (0.05) 21 50 12.17 (0.15) 3.82 (0.03)
Ground E High 49.0 (0.9) 11 50 12.24 (0.05) 3.80 (0.01)
Low 2.0 (0.03) 23 50 12.24 (0.05) 3.79 (0.01)
Ground F High 49.0 (1.5) 16 50 12.19 (0.16) 3.82 (0.02)
Low 2.0 (0.07) 23 50 12.09 (0.21) 3.82 (0.01)
Polished A High 21.3 (0.7) 37 40 9.93 (0.39) 3.82 (0.03)
Low 0.1 (0.01) 33 40 10.04 (0.37) 3.82 (0.03)
Polished B High 21.0 (1.8) 19 40 10.80 (0.42) 3.78 (0.03)
Low n/a 20 40 10.92 (0.38) 3.78 (0.02)
Water-cut G High 20.9 (1.1) 20 40 10.44 (0.34) 3.82 (0.02)
Low 0.2 (0.01) 19 40 10.42 (0.44) 3.81 (0.03)
Table 3.2: Overview of the number of specimens for 8 mm thick glass specimens. For height and
thickness, the measured mean values are indicated (with a standard deviation).
Edge Supplier Stress Number of Load Height Thickness
finishing rate specimens span [mm] [mm] [mm]
Cut C High 20 50 12.00 (0.18) 7.84 (0.06)
Cut D High 21 50 12.24 (0.18) 7.77 (0.05)
Arrised D High 23 50 12.16 (0.17) 7.83 (0.06)
Arrised E High 21 50 12.64 (0.08) 7.86 (0.03)
Low 22 50 12.64 (0.10) 7.84 (0.03)
Ground C High 20 50 12.35 (0.24) 7.86 (0.06)
Ground E High 18 50 12.56 (0.13) 7.81 (0.02)
Ground F High 23 50 12.32 (0.29) 7.71 (0.03)
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3.2.2 8 mm thick glass specimens
Similar specimen measurements and testing procedures were used to investigate 8 mm thick
glass specimens. The nominal dimensions of the tested specimens were 110 mm x 12.5 mm
x 8 mm. The tested series are presented in Table 3.2. All experimental values for 8 mm thick
glass specimens are listed in Appendix D.
3.2.3 Glass specimens with protective coatings
In the second part of the tests the use of coatings in structural glass applications was investi-
gated by comparing the effect of five coating products. The priority in the choice of coating
products was based on criteria that the protective coating product should be water/vapor-
resistant, clear and easily applied and cured.
The tests were carried out for small-scale glass specimens of polished edge of nominal dimen-
sions 110 mm x 10 mm x 4 mm. The effect was studied by testing two series of specimens
without and five series with a coating. Uncoated glass specimens were tested at a high and at
a low stress rate, one series each. Coated specimens were all tested at a low stress rate. Several
coating solutions were examined (listed without an order of preference):
1. Bioresin Biovest 578
2. Bluestar Silicones BP 9710
3. Rhodorsil Silicon grease Paste 4
4. Epoxy resin, Dow (DER 330, DER 732, DEH 26)
5. Tape, Gyso V712, Adhesive tape based on butyl rubber (0.8 mm) aluminum sheet coated
with polyester.
The dimensions and number of specimens are listed in Table 3.3. A detailed description of
each coating product is shown in Appendix E. All previously mentioned coatings except 5,
tape was clear or at least translucent.
As a preparation for the application of coatings, glass specimens were cleaned and heated to
100 degrees in an oven for 48 hours, similar to Haldimann [2006]. This preparation was carried
out to make sure that the glass surface was not exposed to humidity before the application
of coating products. If humidity remains between the glass surface and the coating, the
protective effect might be eliminated. To execute the preparation properly, the specimens
were covered with humidity absorbing molecular sieves (Zeochem, Z4-04) to absorb moisture
during the heating. After cooling, the edge of the specimen was coated within a few seconds
with one of the coatings previously listed. The coatings cured following the instructions of
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Table 3.3: Overview of the number of specimens for 4 mm thick glass specimens used for the
examination of protective coatings. For height and thickness, the measured mean values are
indicated (with a standard deviation).
Edge Supplier Stress Number of Load Height Thickness
finishing rate specimens span [mm] [mm] [mm]
Without a coating A High 19 40 9.85 (0.37) 3.82 (0.03)
Without a coating A Low 15 40 9.85 (0.26) 3.82 (0.03)
Bioresin Biovest A Low 18 40 10.40 (0.59) 3.82 (0.03)
578
Bluestar Silicones A Low 18 40 10.07 (0.63) 3.82 (0.03)
BP 9710
Rhodorsil Silicon A Low 20 40 9.94 (0.60) 3.82 (0.03)
grease Paste 4
Epoxy resin A Low 17 40 10.53 (0.27) 3.82 (0.03)
Tape A Low 19 40 10.68 (0.39) 3.82 (0.03)
each product specification, by leaving them to dry in the room temperature in beam positions,
as illustrated in Fig. 3.2.
Coated specimens were also measured and exact dimensions of the specimens are listed in
Appendix E. Because all specimens were produced from the same edge finishing and received
from the same supplier, the effect of edge finishing was neglected. The study concentrates on
comparing the strength values between coated and uncoated series.
3.3 Test methods
3.3.1 Microscopy before bending tests
The microscopes were used to detect the surface flaw population giving an estimation of the
largest flaws that had the probability of initiating the failure. The study was performed by
measuring large number of individual flaws at the edge both before and after brittle failure.
The examinations made with microscopes included two goals: first to find an appropriate
microscope for the flaw detection purposes, and secondly perform the flaw measurements
using the chosen technique. The study aimed at detecting largest flaws, collecting information
of several flaws possible of initiating the failure.
A short description of the existing microscopes and non-destructive testing methods (NDT)
was already presented in Section 2.3.4. In this thesis, the experimental study was limited to
the following microscopes:
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Figure 3.2: Coated glass specimens drying on a built support.
• A confocal microscope (Zeiss LSM710). The microscope is illustrated in Fig 3.3.
• A scanning electron microscope (SEM, FEI XLF30-FEG).
• A digital holographic microscope (DHM, Lyncèe Tec SA).
• A mechanical profilometer (Bruker).
Figure 3.3: A confocal microscope (Zeiss LSM710) gave high-precision images of glass surface
flaws.
For the microscopy study, glass specimens were prepared by cleaning the studied surface. In
addition, for conventional imaging in the SEM, specimens must be electrically conductive,
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therefore, the specimens required an electrically conductive coating, such as metal. The
application of coatings was only applied due to the microscopy and had nothing to do with
protective coatings mentioned. The mechanical profilometer was used in a clean room, which
increased the requirements for the specimens.
Inspections of the glass surface aimed to detect existing flaws at the edge. While none of the
microscopy methods could detect under-surface defects, detailed information of the flaw
dimensions (depth a and half-width c) could be collected. The data was collected as scanned
images of the flaws. The collection contained about 20 images per specimen giving a good
background to predict the critical flaw that would initiate the failure under bending.
Fig. 3.4 illustrates the flaw measurements by a confocal microscope that were performed by
optical microscope layers. The optical microscope is used to scan layer at a certain focus
depth z. By increasing the focus depth, layer images of the scanned surface can be obtained,
such illustrated in Fig. 3.5. By increasing the focus from glass surface (level a)) to the bottom
of the flaw (level d)), the difference at the depth increase can be used as a initial flaw depth ai .
a
2c
optical microscope 
images per layer
i
glass 
!aw detection
focus direction
a)
b)
c)
d)
Figure 3.4: Illustration of the flaw detection direction to measure flaw depth by optical micro-
scope layers.
3.3.2 Four-point bending test set-up
After microscopy, each glass specimen was prepared for the destructive four-point bending
tests. The test set-up used is illustrated in Fig. 3.6. After cutting, each specimen was indicated
with an index in order to keep track on specimens. The index number also indicated that
the specimen was correctly positioned in the test set-up, so that each specimen was cut and
positioned having the air/tin side consistently the same way. The vertical surfaces of the
beam specimens were covered with a transparent tape to hold together the scattered glass
after failure. The edge was open for humidity. The used tape was highly plastic and did not
influence specimen deformations.
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Figure 3.5: Illustration of the depth measurements as shown in Fig. 3.4 where the focus z depth
is moving from a) to d).
Two bending test machines were used depending on availability; UTS test system and Instron
5948 MicroTester. Initially, the aim was to use force control in testing, but due to technical
limitations of the machines, most of the tests were carried out with a deformation control
[mm/s]. As an exception, ground and arrised edge series of supplier (E) were tested with a
force control [N/s]. The testing machines were used without detailed comparison of their
comparability, thrusting the calibration made for each load cell. The influence of testing
method is further discussed in Section 5.2.3.
Each edge finishing was tested either at a high stress rate (from 15 to 55 MPa/s) or at a low
stress rate (from 0.1 to 2 MPa/s) in order to compare the influence of stress rate. In terms of
loading time 55 MPa/s corresponds to about 1 s loading time, which is at the inert strength
level. Testing at the low stress rate resulted at 100 s or higher loading times. The difference
between high and low stress rate was chosen to correspond 1s:100s relation that could be easily
compared in terms of strength degradation. The input stress rate values seemed reasonably as
a comparison of the state-of-the-art experimental work for glass strength.
The testing conditions had some variations in the ambient temperature and in the relative
ambient humidity due to changes in outside weather. The average ambient temperature was
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Figure 3.6: Bending tests carried out using Instron 5948 MicroTester. Dimensions presented in
[mm].
21◦C and the relative humidity was 42 %. The experimental values are presented more in
detail in Section 3.2.1 and analyzed in Section 5.2.3. The testing conditions remained within
the limits of standard recommendations of four-point bending test [DIN EN 1288-3, 2000], in
the range of 23±5◦C in temperature and 40−70% in relative humidity.
During testing, external deformation measuring devices were used. The aim was to record
lateral and vertically deflection in order to validate machine deformation control during
testing. The lateral (out-of-plane) deflection was minor, which indicated that the possibility
for a lateral torsional buckling could be neglected.
3.3.3 Microscopy after bending tests
After failure loading, microscopy was used to detect the failure initiating flaw, the critical flaw.
The aim was to inspect flaw dimensions after failure, values a f and c f . These dimensions
are illustrated in Fig. 3.7. The hypothesis of flaw propagation due to stress corrosion during
loading was based on the crack-tip propagation presented in Section 2.3.2, Fig. 2.11. The
dimensions a and c refer to flaw dimensions measured before loading. Those dimensions are
compared to after failure measurements a f and c f , which correspond to flaw dimensions at
the failure.
This second estimation after failure was used to compare to the previously measured values
a and c by taking images from the cross-section of the failed specimen. The measurements
made from the cross-section also allowed the study of the fracture surface. The principles of
the fracture surface theory was introduced in Section 2.3.3, where it was shown that the mirror
radius rm has a link to the failure stress.
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Figure 3.7: Mirror radius rm and the critical flaw depth a f measured after failure from the
cross-section of the specimen.
3.4 Test results
3.4.1 Results on microscopy before bending tests
Microscopy allowed measurement of flaw dimensions a and c before failure loading. The
difficulty of measurements was either the large size of the specimen or the difficulty of mea-
suring depth from two-dimensional images. While the confocal microscope gave only a
two-dimensional image of the glass surface, by using the z−axi s (depth) focus, the depth of
surface flaws could also be estimated. These visual images allowed the measurements of flaw
sizes with a precision of about 10% from the dimensions. Similar estimations were made with
the SEM. For both microscopes, even if glass specimens were small in scale, they were large
compared to the microscope detection area of less than 1 mm. Illustration of the confocal
microscope pictures is shown in Appendix G.
Digital holographic microscopy (DHM) along with a mechanical profilometer allowed a three-
dimensional imaging of glass flaws. The images were obtained using DHM, giving a detailed
profile of the surface. Images made with the mechanical profilometer highly resembled those
taken with DHM. The only difference was that in the latter option the measurements were
made with a mechanical stylus. The limitation of DHM was difficult due to the small size of
the measured area, of about 100 µm in size and about 50 µm in depth. The measured area
must be well defined beforehand. Scanning an entire specimen edge would be too elaborate
work.
Each method had differences in recording or scanning the information of studied surface. After
flaw detection by microscopy, the results demonstrated the advantages and disadvantages of
45
Chapter 3. Experimental investigations
each method. The choice of the measuring methods depends on the objectives of the flaw
detection. For visual estimations and rough measurements, the confocal microscope seemed
the best option. This is valid for both before and after failure, for measuring flaw sizes and
shapes. However, the confocal microscope gives only a visual estimation, and do not provide
exact profile with dimensions of the glass surface. As a result of the use of SEM, illustrative
images of the surface were obtained, without being limited to the focal plane.
Additional advantage of confocal microscopy is also relatively easy specimen preparation. In
both cases, the studied glass was cleaned, but in SEM study, glass also had to be coated. This
might be critical due to time limitations or large number of specimens to be studied.
If the detected area is small and the objective is to obtain exact three-dimensional measure-
ment of the failure location, the mechanical profilometer works best. As a result, an exact
profile of the three-dimensional surface provides the possibility to reconstruct the entire
flaw with its surface roughness. For this purpose optical profilometer or digital holographic
microscopy is proposed. A limitation of the two latter microscopes is that only a small range is
measured (max 100 µm), where for instance, a large flaw depth might be excluded due to the
limited range of depth measurements (max 50 µm).
3.4.2 Bending test results for 4 mm thick glass specimens
Glass specimens were tested in bending while recording the force and the deflection. Even if
glass behaves in a linear elastic manner, the force-deflection curves showed some curvature,
which was caused by the deformations of the test set-up. These deformations were significant
in tests of relatively high forces (such as 1kN) considering the stiffness of the set-up. This
was significant in 8 mm specimen testing. This might also have some influence on the back-
calculated stress rate values [MPa/s] listed already in Table 3.1. As a result of the bending tests,
the failure stress values for each specimen were calculated based on the section dimensions.
Table 3.4 shows all stress values with minimum and maximum values for tested series with
two stress rates (high and low) of 4 mm thick glass. The failure stress results are listed also in
Appendix C with flaw illustrations in Appendix G.
The stress values vary largely in the range of 29.6 MPa to 181.5 MPa. The variation was noticed
to exist not only between edge finishings, but also among specimens from the same edge
finishing, therefore inside the tested series. The difference between series tested two stress
rates showed that those tested at a low stress rate had a stress value average of 18 % lower than
those tested at a high stress rate. This difference was seen as a strength reduction due to longer
loading time 2, resulting in a failure stress degradation of 7 % to 30 % depending on the edge
finishing tested. Considering the standard deviation values, normally the variation coefficient
shows to be around 10 to 20 %, an average value amounting to 14 %. As an exception, arrised
edge of supplier (D) and water-cut edge had considerable low variations, only around 6 %.
The ground edge of supplier (E) had the largest range for mean failure stress 60.8 MPa with a
2The difference between high and low stress rates was about 1:100 seconds relation between loading times.
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Table 3.4: Presentation of the tested specimens of 4 mm with obtained failure stress values.
Edge Supplier Stress Max Min Mean Standard
finishing rate σ f [MPa] σ f [MPa] σ f [MPa] deviation
Cut A High 110.7 57.8 84.1 13.1
A Low 81.7 52.0 69.6 7.98
Cut B High 94.5 57.8 75.1 9.41
B Low 70.9 46.5 56.3 6.08
Cut C High 116.4 63.8 96.6 16.6
C Low 107.6 51.5 77.6 15.3
Cut D High 107.1 63.0 89.1 13.3
D Low 94.7 51.2 74.0 11.1
Arrised D High 88.3 63.6 79.4 5.31
D Low 77.9 42.5 67.1 5.05
Arrised E High 101.0 51.4 72.4 15.7
E Low 82.3 46.2 63.1 11.6
Ground C High 107.7 73.7 94.8 9.90
C Low 93.0 59.7 81.5 9.21
Ground E High 102.6 53.0 73.3 18.0
E Low 101.6 48.0 66.4 14.2
Ground F High 114.9 65.9 94.2 12.7
F Low 94.7 50.4 78.2 10.1
Polished A High 90.6 40.1 71.1 11.8
A Low 67.1 31.7 54.2 7.90
Polished B High 181.5 102.0 150.9 20.3
B Low 128.6 67.0 107.8 15.5
Water-cut G High 54.3 43.5 49.3 3.08
G Low 39.7 29.6 36.0 2.44
Table 3.5: Presentation of the tested specimens of 8 mm with obtained failure stress values.
Edge Supplier Stress Max Min Mean Standard
finishing rate σ f [MPa] σ f [MPa] σ f [MPa] deviation
Cut C High 64.5 46.0 53.0 4.93
Cut D High 101.6 53.3 80.5 12.43
Arrised D High 86.1 61.4 74.2 6.59
Arrised E High 102.3 59.8 88.0 12.39
E Low 91.5 63.6 76.3 8.56
Ground C High 100.6 65.1 86.8 10.68
Ground E High 114.4 67.6 97.8 11.98
Ground F High 122.4 84.4 102.3 9.71
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standard deviation of 15.1, obtaining a variation coefficient of 25 %.
In general, the number of tested specimens was often around 25 per series. Due to failures
outside of the load span, unexpected failure during specimen preparation or failure initiated
at the glass pane surface (therefore not at the edge).
3.4.3 Bending test results for 8 mm thick glass specimens
The test results of 8 mm thick glass specimens are presented in Table 3.5. The data show,
similarly to 4 mm thick specimens, large variations between tested series, varying from 46
MPa to 122.4 MPa. The variation inside tested series amount to an average of 12 %, which
is smaller than for 4 mm thick specimens. The strength values are 13 % smaller for arrised
edge of supplier (E) tested at a low stress rate than tested at a high stress rate. All failure stress
results have been listed in Appendix D.
According to the effect of the specimen size to strength as presented in Section 2.3.2: the larger
the loaded area, the lower the strength. Eventually the experimental failure stress values show
that such a difference is not consistent. Further microscopy analysis is therefore required to
explain such difference considering the edge manufacturing between different thicknesses.
This topic is discussed in Section 5.2.5
3.4.4 Bending test results for glass specimens with protective coatings
Finally, the results of the coated specimens (1-5) are shown in Table 3.6 in comparison to
uncoated specimen series (0) tested at high and low stress rates. The stress rates amount to 25
MPa/s for a high and to 0.24 MPa/s for a low stress rate.
Table 3.6: Failure stress data analyzed for different coated and uncoated glass specimens.
Series 0 0 1 2 3 4 5
Uncoated Uncoated Bioresin Bluestar Rhodorsil Epoxy Tape
Biovest Silicones Silicon resin Gyso
578 BP 9710 grease V712
Stress rate high low low low low low low
Mean σ f 81.18 63.16 62.41 63.96 79.40 63.20 68.94
[MPa]
Standard 9.76 8.38 7.20 10.70 7.14 7.44 12.04
deviation
The experimental data show that the strengthening effect of coating products is not consistent.
From the failure stress values of coated specimens, the following was observed: The uncoated
specimens loaded at a high stress rate reached higher average level than the uncoated speci-
mens that were loaded at a low stress rate. The difference amounted to 22%. The failure stress
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results are listed also in Appendix E
The specimens with coatings 1, 2 and 4 loaded at a low stress rate reached similar failure
stress levels as the uncoated specimens that were also loaded at low stress rate. From this it is
observed that coatings 1, 2 and 4 had no significant effect on the edge strength of the glass
specimens.
The specimens having product 3 loaded at a low stress rate reached similar strength lev-
els as the uncoated specimens that were loaded at a high stress rate. The coating 3 had a
strengthening effect on glass, as it was able to preserve the inert strength level.
The coating 5 had an inconsistent effect on the failure stress values. The specimens with
coating 5 showed a tendency for a small strengthening effect, however, as can be seen from
Table 3.6 the scatter in the results of the specimens is rather large. The analysis on the coating
strengthening effects is discussed in Section 5.2.4.
3.4.5 Results on microscopy after bending tests
Glass specimens were again examined using a confocal microscope after failure. Important
information on the flaw sizes, the fracture origin and the fracture mirror sizes were collected.
The standard practice for fractographic analysis of fracture mirror sizes are explained in ASTM
C1678-10 [2010]. The fracture origin is there detected from the failed specimens by observing
the cross-section. The fracture mirror zone is surrounding the fracture origin, also linked to the
critical flaw. This observation is illustrated both, in Fig. 3.8 as well already in Fig. 3.7. During
the microscopy after bending tests, the mirror measurements in addition to flaw dimensions
measurements at the failure (a f and c f ) were collected.
Figure 3.8: The failure initiating flaw at the edge surface surrounded by the mirror radius and
hackle lines.
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The microscope images and their comparison between before and after failure has been
illustrated in Appendix G. The results of microscopy after the bending tests also allowed
the evaluation of subcritical crack growth in glass. Initially an assumption was made that
the depth of the flaw propagates to its final value from ai to a f , as was illustrated in Fig.
3.7. Haldimann [2006] pointed out the difficulty of measuring flaw depths from microscope
pictures, introducing two depths for a flaw: optical and effective. This argument Haldimann
[2006] indicates that the visual flaw depth is smaller from the effective one. As a comparison
of the flaw depth before and after failure, two issues should be mentioned: 1) a possibility
for a subcritical crack growth and 2) visual versus effective flaw depth including subsurface
damage.
Firstly, the subcritical crack growth would indicate flaw propagation, appearing as an increase
in flaw depth. In the literature review, the crack propagation was introduced using the theory
for stress intensity factor that is dependent on the environmental conditions such as tempera-
ture and humidity. The crack propagation is then described using crack velocity v0 (referring
to subcritical crack growth). For instance, the subcritical crack growth and crack velocity
v0 = 0.01 mm/s used for laboratory conditions would indicate a flaw propagation of 1 mm dur-
ing 100 s loading. How can this flaw propagation of 1 mm detected? Is this propagation visible
at the cross-section of the failed specimen? However, according to optical images obtained
from the failed specimen, such increase in flaw depth was not observed nor being able to be
measured in the microscope pictures. This was either a limitation of the measuring technique
or a lack of capability of detecting this previously mentioned subcritical crack growth.
Secondly, the possibility of flaw depth described as optical and effective values is acknowl-
edged. This argument would indicate that the flaw depth measured before failure would
not describe the real depth of the flaw as the effective depth would be detected only using
flaw detection methods that allow subsurface measurements. Due to the limitations of the
measurement methods used, no difference between depth measurements was noticed before
and after measurements and this issue was neglected in the flaw depth measurements. Further
studies are required to validate this assumption, because the argument is against mainstream
theory on crack propagation.
Finally, the observations made with the confocal microscope before and after failure indicate
that the flaw dimensions did not change significantly between before and after failure. Either
the measurement methods used did not allow reliable measurements to detect accurately
the flaw propagation or the subcritical crack growth was so small that it was within the
measurement error. Due to the limitations of measuring this subcritical crack growth in tested
specimens, a hypothesis was made that the flaw dimensions do not change during loading: ci
and ai equals to c f and a f values. Therefore, the use of index letters i (for initial) and f (failure)
is abandoned and width and depth values are indicated only with a and c letters.
In Fig. 3.9 a flaw before and after failure is shown. Some other flaw illustrations are collected
to Appendix G.
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Figure 3.9: The failure initiating flaw at the edge surface: before (left) and after (right) failure,
with the same flaw configuration.
As a comparison of flaw depth measurements between specimens tested at a high stress rate
and at a low stress rate, a difference between tested series was noticed. The average flaw depth
at the specimens tested at a high stress rate was slightly more than the value measured from
the specimens tested at a low stress rate. The depth had an increase in growth of 9 to 20 %,
depending on the tested series. The increase is suggested to initiate from the large variability
of flaw depths, rather than from actual crack propagation during loading.
The results of mirror measurements are analyzed in detail in Section 4.4.
3.5 Discussion
In the beginning of this chapter, a distinction of dividing the experimental study in two parts
was introduced, in Fig. 3.1. The study was started with a hypothesis that the strength of tested
beam specimens could be influenced either a) by the manufacturing process, or b) by the
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strengthening effect of a coating.
As an example, the 4 mm thick glass specimens of polished edge finishings are compared. For
instance, the mean σ f value for polished edge of supplier (A) reached 71.1 MPa, whereas the
same value for the polished edge of supplier (B) was much higher, 150.9 MPa. Therefore, the
same edge finishing resulted to different failure stress values, polished edge of supplier (B)
amounting to more than double compared to those of supplier (A).
The tests were performed also at a low stress rate, increasing the loading time. This increase
in loading time decreased failure stress values. Therefore, if loading times increased from 1
s to 100 s, failure stress decreased 22% as was acknowledge in Section 3.4.4. Although, 100 s
loading time is relatively short regarding real possible loading times in structural applications,
and therefore larger decreases in strength are possible.
3.6 Conclusions
Experimental tests were performed to evaluate glass failure dividing the investigations into
two part: a) Influence of manufacturing process, studying the influence of edge finishings and
manufacturing process. The experiments were carried out for: 5 edge finishings, 7 suppliers
and two thicknesses: 4 and 8 mm. b) Strengthening effects of protective coatings on glass was
examined by testing 5 different coating products on polished 4 mm thick glass. Experimental
investigations included testing glass specimens in four-point bending. The comparison of the
results of two thicknesses is discussed in Section 5.2.5.
The experimental results showed that the obtained failure stress values varied largely not
only between series but also inside the tested series. Microscope measurements were carried
out to obtain flaw dimensions before and after loading. Each specimen was studied using
several microscope options, showing that a confocal microscope was the most suitable to
detect surface flaws. The measurements made for the critical flaw (a and c) showed that the
changes in flaw configuration and in flaw depth were insignificant. Due to the limitations of
the measurement techniques the flaw dimensions were, therefore, assumed constant.
Glass failure stress values were lower for series tested at a low stress rate, compared to those
tested at a high stress rate. The result showed therefore that strength dependent on the load
duration. The influence of stress corrosion was also examined by evaluating five protective
coatings. The study of protective coatings showed a strengthening effect for one coating
product, silicon grease.
The experimental data are next compared to the flaw measurements in Chapter 4 discussing
on detected flaws and failure analysis of experimentally tested specimens. The influence of
strength-related factors explaining the large variation between failure stress values is further
discussed in Chapter 5.
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In this chapter, experimental test results are analyzed using fracture mechanics theory and
fracture surface analysis. This chapter contains an analysis of the failure modes, fragmentations
and the flaw characterization. Also a link between flaw measurements and mirror radius
measurements is drawn comparing finally theories with and explanation on the experimental
results.
4.1 Introduction
This chapter analyzes obtained experimental data using existing strength and failure theories.
Previously, experimental methods were used to obtain edge flaw size and failure stress values
for small-scale glass specimens, presented in Chapter 3. This chapter aims to validate and
draw the relation between flaw size and strength.
In the analysis of glass edge flaws, two theoretical options are often used: 1) study the entire
edge flaw population, or 2) concentrate only on the critical flaw. According to the weakest-link
theory, the critical flaw initiates the failure and therefore the analysis of flaws is concentrated
only on the failure initiation location. The characteristics of the critical flaw and the question
why such flaws initiate the failure is also asked. The analysis of the glass failure includes
evaluating the possible failure modes and fracture patterns that appear in the specimens.
The information is collected from the bending tests and flaw detections of the experimental
study performed in the previous chapter. This is the first time that the theoretical approach
for glass strength is applied for real machining flaws with illustrations of the machining flaw
configurations.
According to the theory of fracture mechanics, strength is related to the theoretical crack size.
These real flaws, defects and scratches at the glass edge are identified and characterized using
microscope detection. The theoretical basis on glass strength with the relation to flaws was
already discussed earlier in Section 2.3.2. The analysis is carried out by discussing on the
relation between flaw size and strength, by performing a flaw characterization for each edge
53
Chapter 4. Failure analysis
finishings (cut, arrised, ground, polished and water-cut) of suppliers (A) to (G) utilizing tested
glass specimens of 4 mm in thickness. The influence of size and thickness effect with 8 mm
thick specimens is later analyzed in Section 5.2.5 as a strength-related factor.
New information of the machining flaws is provided by introducing flaw characterization.
The aim of flaw characterization is to analyze if the flaw measurements follow the theoretical
strength propositions and, furthermore, if the failure strength values follow the theoretical
time-dependent strength curves. The terminology of the glass edge is illustrated in Fig. 4.1.
The terminology should facilitate the understanding of the description provided for edge
finishings and failure locations.
Figure 4.1: Illustration of the proposed terminology for a) cut edge, and for b) arrised, ground
and polished edges. Reprint from Fig. 1.
After failure, three distinctive areas take forms around the failure initiation location: mirror,
mist, and hackle. The approach explaining the relation between the mirror radius and strength
was introduced earlier in Section 2.3.3. In the failure analysis, the mirror radius (rm) measure-
ments are examined for four groups of glass specimens, cut and polished edges of suppliers
(A) and (B) that were chosen for the study. In addition, a comparison of fracture mechanics
theory and the fracture surface analysis is performed evaluating, their capabilities to explain
experimental glass failure phenomena.
The chapter presents the theoretical approach on glass failure prediction and the hypothe-
ses made in Section 4.2.1. Discussion on the critical flaw is provided in Section 4.2.2. The
observations on the failure modes and fragmentation is collected to Section 4.2.3 and 4.2.4.
The analysis of glass strength in terms of fracture mechanics is performed for the experimental
results, first by defining the flaw parameters in Section 4.3.1. Then the machining flaws in each
edge finishing and a characterization of the types of machining flaws is discussed in Section
4.3.2. The propositions for geometry factors are discussed in Section 4.3.3. Fracture surface
analysis in Section 4.4 is performed by comparing mirror radius measurements to strength
values. Finally, presented analyses on strength and failure are compared in Section 4.5.
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4.2 Glass failure
4.2.1 Failure prediction
Glass failure can be treated as a problem of fracture statistics, as presented in Section 2.3.2.
This approach proposes combining the failure probability to fracture mechanics. Finally,
even if strength-related factors are unknown they can be treated as variables in the analysis,
resulting in failure prediction. This approach provides a failure probability used in glass design.
In order to express the phenomena of glass failure, first main hypotheses behind the approach
are clarified. These hypotheses were proposed, such as Ziegler [1998], similarly to a Failure
prediction model in Haldimann [2006]
1. The material contains a large number of natural flaws of variable depth.
2. The mechanical behavior of flaws can be modeled using linear elastic fracture mechan-
ics.
3. The crack depth is a random variable that can be represented by a statistical (Pareto)
distribution.
4. The number of flaws on the surface of glass elements follows a statistical (Poisson)
distribution.
5. All crack locations and orientations have the same probability of occurrence, which
means that the corresponding random variables have uniform distributions.
6. The individual surface flaws do not influence each other.
7. The element fails when the first flaw fails (weakest-link model).
8. The geometry factor Y is independent of the crack depth.
9. Pure mode I crack propagation and failure represents the actual multimodal behavior
with sufficient accuracy.
10. Crack growth is accurately modeled by the v −K I relationship given in Eq. 2.11.
Glass material contains a large number of natural flaws (1) that can be modeled using a Poisson
distribution (4). Then the flaws are treated as a random surface flaw population. Alternatively,
if the critical flaw is known, then only its characteristics are relevant as that flaw is the one
initiating the failure (7). Then the critical flaw properties are important such as location (5),
geometry factor (8) and depth (3). The hypothesis assumes flaw depth and its location to be
random. However in this thesis, these variables were measured obtaining absolute values,
neglecting their randomness. Therefore, it was not seen necessary to explain flaw depth with
the Pareto distribution. In addition, the hypothesis (6) stands for the case of glass failure,
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where flaws do not influence each other and only one flaw causes the failure (7). The use of
the Weibull distribution in the analysis was evaluated in Section 2.3.2. The failure is modeled
using the theory of linear elastic fracture mechanics (2), mostly in mode I failure (9), where
the subcritical crack growth is based on the relationship (10), proposed also in the literature in
Section 2.3.2.
The question of presenting flaw parameters, such as depth and geometry factor with a proba-
bility distribution is discussed later in Section 4.3.1 with examples to the experimental data.
The fit to experimental data is shown in Fig. 4.1 separately for each edge finishing and their
suppliers. The data is fitted using defined Weibull scale and shape parameters that are listed
in Table 4.1.
Table 4.1: Weibull scale and shape parameters fitted for strength data of the tested specimens at
the high stress rate.
Edge Supplier θ β
finishing
Cut A 75.2 7.2
Cut B 66.5 8.7
Cut C 77.7 4.9
Cut D 78.3 7.6
Arrised D 68.7 18.9
Arrised E 66.7 5.2
Ground C 82.2 11.6
Ground E 73.9 4.5
Ground F 81.1 8.5
Polished A 63.8 7.4
Polished B 133.6 10.0
Water-cut G 42.6 17.4
In Fig. 4.2, the strength data is plotted using a Weibull distribution, however the fit is ques-
tioned. Especially strength data with large variations, such as arrised edge of supplier (E)
and ground edge of supplier (E), is unable to follow the Weibull fit. It is questioned if other
probability distributions would be more suitable to express the failure strength data, however
due to limitations of finding a better option and better fit to the experimental data, existing
propositions on the use of the Weibull distributions were followed. The question of failure
prediction is treated in Section 6.2.2, where the possibility of predicting strength is discussed.
4.2.2 Determination of the critical flaw
The previous section discussed failure prediction according to the weakest-link theory, when
the failure initiates at the critical flaw. Also in Section 4.2.1, the hypothesis was made that a
specimen contains a random surface flaw population (expressed with a Poisson distribution).
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Figure 4.2: Weibull two-parameter probability distribution fit to experimental strength data of
specimens tested at a high stress rate.
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Therefore, among all the flaws in the population, which one is the critical one?
In order to understand the true influence of flaws on strength, the following questions are
asked:
• What process or incidence causes edge flaws?
• Is their configuration different, depending rather on the choice of edge finishing or the
supplier?
• Which flaw among the entire flaw population is the one initiating the failure?
The influence of flaws on strength, also proposed as a flaw characterization, is later discussed
in Section 4.3, also answering the questions for flaws of each edge finishing separately.
According to the experiments and flaw detections, the following observations were made: In
most cases the failure initiation location i.e. the critical flaw was identified and measured,
studying the dimensions and the configuration of the flaw. The flaw detection before failure
expressed the difficulty of defining before-hand, which flaw would initiate the failure. Al-
though, the flaw population often showed some regularity that could be expressed as flaws
(with more or less same dimensions) that had the probability of initiating the failure. These
flaws were measured before failure, and the location identified again after failure, confirming
the observation.
After going through the images of the critical flaws, almost all flaws were created during a
manufacturing process (cutting, grinding, etc.). The flaw configuration was so repetitive that
there was no question that any other process would have caused such damage. The flaw
configurations have been elaborated per edge finishing in Section 4.3.
In a few cases, glass specimens had divergent failure initiation locations or different critical
flaws. As expected, failure mainly initiated at the edge surface linked to the tensile stresses at
the bottom edge of the specimens. In a few cases, the failure initiated at the glass pane surface,
which contained unexpectedly larger defects 1. Even if the flaw was then critical, the stress
level and failure mode is modified. This topic is discussed in Section 4.2.3. Other flaws from
those created during manufacturing process were also observed. The most interesting was a
case such as illustrated in Fig. 4.3, where the flaw was distinctly caused by a sharp local shock
causing a hole defect at the edge surface. These flaws were assumed to relate to the logistics
and handling-type damage, as they did not follow the regular manufacturing flaw population.
These specimens were also removed from the study.
This example was an illustration of an exceptional flaw configuration among the most seen
ones linked to the manufacturing, especially to scoring damage at cut specimens and grinding
1These failure results were excluded from the study due to the fact that the failure did not initiated at the studied
edge area.
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Figure 4.3: Illustration of a critical flaw, related to a machining (left), and a shock damage
(right) at an edge surface.
damage in ground, arrised and polished edges. These machining flaw characteristics are
identified in the following Section 4.3.
4.2.3 Failure modes
During experimental testing, glass specimens were subjected to bending, creating tensile
stresses at the glass edge. Fig. 4.4 illustrates the stresses due to bending at the cross-section of
the specimen. The tensile stresses are the highest at the edge surface and change gradually
to compression at the top. In the study of failure initiation location, the vertical location has
an importance due to the stress distribution at the cross-section. For instance, if the failure
initiates at the glass pane surface, stresses at the cross-section are lower than at the edge
surface.
The local, crack level failure has three possible failure modes, as was introduced in Section
2.3.2. The hypothesis made in failure prediction, in Section 4.2.1, assumed failure mode I .
The experiments showed that at least 90% of the specimens failed at mode I . The failure
initiated at the loaded area linked to the tensile stresses at the edge, creating a crack opening.
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Figure 4.4: Simple schematic presentation of the stresses at the glass cross-section in bending.
As an exception, about 10% of the specimens had the failure initiated outside of the loaded
area. When glass specimens are in bending, the tensile stresses decrease significantly outside
of the loaded area. In addition, if the failure initiates close to the support, the higher are
the shear forces in glass. The failure initiations that occurred between the support and the
load point could indicate a mixed-mode I & I I failure, where the failure initiates due to a
combination of tension and shear stresses. Or the failure occurred in failure mode I , although
then the tensile stresses are much lower, indicating that the flaw size must be much larger to
compensate. More studies are therefore required to validate these experimental observations
and discussion.
Conclusions were made after destructive bending tests for failed specimens, as explained in
Section 3.4.5. Therefore, all following experimental results analyzed concern only specimens
failed at mode I . The specimens that failed outside of loaded area were excluded from the
study. This restriction reduced partially also the number of studied specimens taken into
account in the analysis.
4.2.4 Fragmentation
The global view on glass failure patterns revealed that the size of the fragments followed a
certain failure strength level. In Fig. 4.5 the results of polished edge of supplier (A) are shown,
with obtained failure patterns and their link to an average strength.
The failure pattern of the specimens failed at the lowest strength level a) was a simple vertical
line, dividing the bended specimen into two pieces. For higher strength levels, the failure
pattern reminded of V , N or M fragments c)-e). An illustration of specimen failure patterns
are shown in Fig. 4.6.
The failures initiated outside of the loaded area where excluded from the study. An example of
the failure pattern is shown in Fig. 4.7.
Even more fragmented specimens were found in higher strength levels scattering the glass
in several smaller pieces. Ultimately, the failure pattern gave an estimation of the strength
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Figure 4.5: Observations on glass fragmentation in small-scale beams specimens, where a)
pattern indicate the lowest strength and e) the highest strength values.
Figure 4.6: Illustration of a)-e) specimens, where the fracture patterns correspond to Fig. 4.5.
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Figure 4.7: Illustration of a specimen where the failure initiated outside of the loaded area and
therefore was excluded from the study.
level of the specimens. This observation is only valid for specimens at this size. Respectively,
for larger specimens the energy-release at the failure is higher and creates smaller fragments.
This energy approach is discussed by Reich et al. [2012]. However, for conclusions on the
energy-fragmentation relation, further experimental validation is required.
4.3 Flaw characterization
4.3.1 Flaw parameters
As a basis of flaw characterization, each critical flaw is identified and measured defining
the flaw parameters. The measurements were made using a confocal microscope, in the
experiments presented in Chapter 3.
In the flaw characterization, in addition to the flaw depth a, also the configuration of the
flaw is considered and used to define the geometry factor for the critical flaw. One of the
methods proposed in the literature consisted of calculating the geometry factor based on the
flaw and specimen dimensions. See Newman and Raju [1979] for both surface and corner
cracks, where Y is defined by numerous equations. For this approach, also the width of the
flaw c is proposed to be used as an input value. In other theories the flaw width did not gain
such importance. Otherwise in the literature, the geometry factor can be defined as a constant
value for various edge crack configurations, such as Y = 1.12 [Irwin, 1967] or Y = 0.722 [Porter,
2001]. See Section 2.3.2 for the complete list.
For comparison, geometry factors are defined using flaw depth measurements and strength
values. The approach relied on fracture mechanics theory Eq. 2.8 applied in inert conditions
(strength without stress corrosion) and Eq. 2.13 for time-dependent strength values (strength
reduced by stress corrosion). Strength levels are illustrated in Fig. 4.8, where the term inert
has been shown as an inert strength level. Inert strength is always referring to strength that is
not decreasing as a function of loading time.
Finally, the geometry factors were calculated taking a minimum value of Eq. 4.1 (using Eq. 2.8
and Eq. 2.13), so that the experimental strength values would not exceed the inert strength
level. If the geometry factor is defined directly by using the time-dependent strength curve,
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Figure 4.8: Illustration of the inert strength level and the time-dependent curve, and their
crossing point tr e f calculated using Eq. 4.5.
this would indicate that specimens tested at shorter loading time as tr e f (the term is explained
below) would follow the dotted line of higher strength values than the inert strength level. This
choice, choosing the minimum values, was assumed suitable for specimens tested at a high
stress rate.
As mentioned, the geometry factor is calculated according to following equation by taking the
minimum value:
Ycalc =mi n
 Y (σ, a)=
K I c
σ
p
pia
Y (σ, a, t )= 1p
pi
[
2
σn t (n−2)v0K I c−n a(n−2)/2
]1/n (4.1)
where
K I c = 0.75 MPa
p
m
v0 = 0.01 mm/s
n = 16
In Fig. 4.8, a new term for a reference loading time, tr e f [s], is introduced. This reference
loading time is used as a tool to calculate the point between strength at inert conditions and
time-dependent strength curves. The reference loading time is calculated by using Eq. 2.8 for
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failure stress σ in inert conditions:
σ= K I c
Y
p
pia
(4.2)
Eq. 4.2 is crossing the time-dependent strength curve that can be expressed as follows in Eq.
4.3.
σ(t )=
[
2
t (n−2)v0K I c−n(Y
p
pi)n a(n−2)/2
]1/n
(4.3)
Both equations and the meaning of each parameter and their value was discussed in Section
2.3. In order to find the theoretical crossing of both equations: Eq. 4.2 and Eq. 4.3, failure
stress σ is equal to:
K I c
Y
p
pia
=
[
2
tr e f (n−2)v0K I c−n(Y
p
pi)n a(n−2)/2
]1/n
(4.4)
By simplifying Eq. 4.4 is obtained the theoretical reference value tr e f :
tr e f =
2a
(n−2)v0
(4.5)
Fig 4.8 shows the time-dependent strength curve that has a crossing point with the inert
strength level in tr e f . If t > tr e f the strength decreases following the time-dependent strength
curve and respectively if t < tr e f the failure is assumed to follow the inert strength level. Much
shorter loading times are approaching the dynamic failure, which is outside of the scope of
this research.
In order to compare edge finishings, the flaw parameters resulting from the experiments are
presented in Table 4.2. In the table mean equivalent strength values σeq (calculated using
Eq. 2.17) with a standard deviation are shown for each edge finishings, corresponding to the
specimens tested at high stress rate. σeq values were used to apply experimental strength
values to correspond to constant stress loading.
The flaw parameters Ycalc , a and c reflect the values that were obtained for each specimen
separately. Flaw dimensions correspond to specimens tested at a high stress rate, therefore
the dimensions are independent from subcritical crack growth (no need to indicate ai or a f ).
Similarly to the strength values, a large spread is also observed for Ycalc and a. Ground edge
of supplier (F) and polished edge of supplier (A) have very similar mean value for the flaw
depth a (33 µm, 35 µm), but the average strength is higher for the ground one. The lower
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Table 4.2: Experimental results with mean equivalent values σeq tested at a high stress rate,
mean flaw depth a and width c measurements, in addition to calculated geometry factors Ycalc
with a standard deviation values in brackets.
Edge Supplier σeq [MPa] Ycalc a [µm] c [µm]
finishing
Cut A 70.6 (11.0) 0.883 (0.226) 43 (19) n/a
Cut B 63.1 (7.90) 0.759 (0.073) 68 (14) n/a
Cut C 81.1 (13.9) 0.700 (0.233) 63 (25) 146 (180)
Cut D 74.9 (11.6) 0.800 (0.208) 58 (31) 93 (80)
Arrised D 66.7 (4.46) 0.900 (0.098) 52 (13) 60 (22)
Arrised E 60.8 (13.2) 0.872 (0.128) 76 (36) 83 (30)
Ground C 79.6 (8.31) 0.981 (0.148) 32 (11) 36 (18)
Ground E 60.8 (15.1) 0.942 (0.143) 80 (25) 89 (59)
Ground F 79.1 (10.7) 0.984 (0.139) 33 (12) 35 (23)
Polished A 59.7 (9.90) 1.176 (0.293) 35 (19) 81 (84)
Polished B 126.8 (17.0) 0.571 (0.065) 26 (14) n/a
Water-cut G 41.4 (2.59) 0.821 (0.156) 170 (61) 143 (72)
(non-commercial)
strength of polished edge of supplier (A) is compensated by a larger geometry factor Y = 1.176.
These observations show how the approach of fracture mechanics can be used to explain the
influence of machining flaw size on glass strength. The link to actual machining flaws with
illustrations is presented in Section 4.3.2.
The theoretical values for the geometry factor Y (a/c) and defined values for experiments
Ycalc were plotted in Fig. 4.9. In the figure, the dots represent calculated geometry factor
values, Ycalc , for experimental flaw measurement data a/c for specimens tested at a high
stress rate (no subcritical crack growth) with a range of 0.2< a/c < 2, similarly to Newman
and Raju [1979]. The experimental flaw measurements a/c have been plotted with an error
bars representing 10% error in a and c measurements. Upper limit was calculated (a + a
x0.05)/(c− c x 0.05) and lower limit as (a−a x 0.05)/(c+ c x 0.05).
Fig. 4.9 illustrates the fit of available experimental data of both edge surface and corner
flaws. It is observed that the experimental values are situated mostly between Y = 1.120 and
Y = 0.722 close to a/c = 1, but do not follow the curves for the geometry factor proposed by
Newman and Raju [1979]. However, as Fig. 4.9 shows, the range of experimental values for a/c
is large due to the error of measurement and does not accurately describe the possible fit to
curves of Newman and Raju [1979].
As a conclusion, one theoretical value for the geometry factor is not sufficient to explain
the variations between each edge finishings. If the geometry factor is defined separately to
each edge finishing, then the value corresponding to the real machining flaws existing at the
glass edge, rather than the idealized theoretical shapes that do not occur in manufacturing
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Figure 4.9: The relation of ratio a/c to geometry factor Y , according to Newman and Raju [1979]
for surface and corner flaws. Experimental data for specimens tested at a high stress rate (no
subcritical crack growth) a/c is indicated as dots with calculated Ycalc values.
processes. Also error in the fit is apparently related to flaw size measurement error performed
in the experimental part. The flaw dimensions and their measurements were already discussed
previously in Section 3.4.5. In addition, the analysis on the influence of edge finishings and
manufacturing process on failure strength is later presented in Section 5.2.
As a result, a certain distribution of a and Ycalc values for each edge finishing is obtained.
But the question how these values should be presented still remains. The proposition to
of evaluating the flaw parameters with distributions was discussed already in Section 4.2.1.
According to these recommendations, strength is described as a two-parameter Weibull
function. No reference on geometry factors and their presentation with a distribution was
found. As an example of plotting Ycalc and flaw depth a values for the cut edge is shown in Fig.
4.10.
The normal distribution is incomplete to fit the Ycalc values. In both cases, Ycalc and flaw
depth a values would fit the best in Weibull two-parameter distributions [Vandebroek et al.,
2011]. However, due to a lack of evidence or strong argument of using a specific distribution
on describing flaw parameters, it is decided to use normal distribution for a and Ycalc values.
In design purposes and characteristic value calculations, strength values are defined using
Weibull two-parameter distribution to correspond to existing standard recommendations [EN
12603, 2002]. The choice of distribution function might influence the use of mean values for
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Figure 4.10: A histogram of Ycalc and a values for all cut edge specimens with a normal distri-
bution fit.
flaw parameters and their fit to flaw measurements. The fit between theory and measurements
is seen in the following section for inspected machining flaws.
In the following section, the flaw characterization is discussed separately for cut, arrised,
ground, polished and water-cut edge finishings.
4.3.2 Inspected machining flaws
The flaw detection revealed the nature of machining flaw population in each edge finishing.
The flaw observations are based on the experimental work of Chapter 3 and later these
measurements were collected to Table 4.2 to describe the characteristics of flaw parameters
for each edge finishing. In the following, the machining flaws are illustrated and their size is
evaluated in the light of the strength theory, such was shown in Fig. 4.8.
Cut glass edge
The flaw detection of cut edge flaw population showed that the failure initiated in most cases
at the scoring edge, but also at the non-scoring edge. Therefore, the cut specimens were
divided in two categories according to their failure location. Initiation at the scoring edge
could be associated to the scoring damage, whereas the flaws at the non-scoring edge were
less consistent and were a result of other (than scoring) manufacturing-related impacts. An
illustration of both edge flaw populations is shown in Fig. 4.11. In both failure location cases,
the experimental failure strength was assimilated to a theoretical corner crack, with measured
depth a and width c, such was illustrated in Fig. 2.9.
The flaw parameters per edge finishing and suppliers are listed in Table 4.2. In order to
compare the cut edge finishing of all four different suppliers, all strength values were plotted
in Fig. 4.12. The figure illustrates the large spread of obtained strength values as a function of
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Figure 4.11: Microscope pictures of edge surface at cut specimens: scoring edge (left) and non-
scoring edge (right).
their failure loading time. Each dot represents a specimen tested. These experimental values
are shown within an estimated range of Min-Max time-dependent strength curves. The time-
dependent strength curves have been plotted using crack velocity parameters v0 = 0.01 mm/s
and n = 16, corresponding to laboratory testing conditions. The parameters were presented in
Table 2.4, according to Haldimann [2006].
Fig. 4.12 shows a large range of strength values that can be estimated using distribution
functions, as was explained previously in Section 4.2.1. Therefore, instead of proposing a large
range of Y values corresponding to a spread such as Min-Max curves represent, the geometry
factor Y is decided to be estimated only as a mean value. The discussion on geometry factors
is further carried out in Section 4.3.3. Using these mean values for flaw parameters, such as
described in Table 4.2, a fit of failure strength values to a time-dependent strength curves is
obtained (see Fig. 4.13).
In Fig. 4.13, the dots correspond to mean equivalent strength values with a range calculated
with a confidence interval of 95%. It is observed that the difference between strength curves
for each cut glass supplier is small. Finally, the mean flaw parameter values for all series of
cut specimens are calculated: Ycalc = 0.798 with a 24.6 % of a coefficient of variation, with the
average flaw depth a = 58 µm.
This approach corresponds to the analysis based on the theory of fracture mechanics, which is
68
4.3. Flaw characterization
100 102 104 106
0
20
40
60
80
100
120
Loading time [s]
Fa
ilu
re
 st
re
ng
th
 [M
Pa
]
Experimental data of cut edge specimens
Max
Min
Figure 4.12: All experimental values (dots) with an estimated range of time-dependent strength
curves.
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Figure 4.13: Time-dependent strength curves and dots that represent experimental failure
strength values with a range defined by a confidence interval 95%.
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performed for each edge finishing separately. In addition, for cut edge also alternative theories
on analyzing the failure location were proposed in the literature, in Section 2.3.4. Levengood
[1958] proposed to treat the damage existing at the scoring edge as an indication of the failure
strength. He illustrated d as a width of the scoring damage (Fig. 4.14). According to Eq. 2.16, a
relation between strength and scoring was proposed σ f d .
Figure 4.14: Scoring damage at the cut edge (left), and a cross-section of the specimen after
failure (right).
This relation was investigated for studied specimens, by measuring the width of the scoring
damage. Where Levengood found a value of 16.7 N/mm for the relation: strength times scoring
width, the same result for measurements reached 20.4 N/mm with a coefficient of variation
27.14 %. The relation for the scoring width corresponded weakly to the value proposed by
Levengood [1958].
In addition, observations of the critical flaw width were made. Whereas, the fracture mechanics
approach proposes measuring the width c, Levengood [1958] proposes an alternative as the
width does not correspond necessarily to the critical flaw, but the scoring width d . If these two
measurements are compared, it is concluded that c 6= d . These dimensions are illustrated in
Fig. 4.14 for both c and d . Even if the scoring visually shows a width d , the corner flaw after
failure was observed to have the width of c, illustrated in Fig. 4.14. The use of scoring width d
is questioned in the analysis of the critical flaw according to fracture mechanics.
In Fig. 4.14 also an illustration of the cross-section of the failed cut glass specimen is shown.
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The failure initiation location of the specimen can be located based on the mirror radius
that surrounds the critical flaw measured as a and c, illustrated in Fig. 4.14. As a result, the
scoring width should not be linked to strength. This conclusion makes sense as the failure
also initiated at other locations, at non-scoring edge, and not only at the scoring edge.
Arrised glass edge
The failure location was detected as well from arrised glass edge specimens. According to the
microscope detection, the flaw population showed some difference between two manufactur-
ing processes of the suppliers. The arrised edge of supplier (E) was entirely grinded, where the
edge of supplier (D) was grinded only at the inclined edges, i.e. had only a cut edge surface
with arrised corners.
The observations on the arrised edge and the failure location showed that the parameters
of the critical flaw were dependent on the manufacturing process, as the difference in flaw
populations between two different manufacturing processes was distinguishable. The differ-
ence was seen at the location of the critical flaw, although the flaw sizes were very similar. The
strength values showed that the arrised edge of supplier (D) had higher strength values, the
mean value difference amounting only to ∆σeq = 5.9 MPa.
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Figure 4.15: Time-dependent strength curves for arrised edge results.
The strength difference was also illustrated using time-dependent strength curves for both
71
Chapter 4. Failure analysis
arrised edges. The curves with experimental values are plotted to Fig. 4.15, comparing
two suppliers. The time-dependent strength curves were obtained by using defined flaw
parameters, those presented in Table 4.2. The flaw parameters of supplier (D), such as the flaw
depth a, all had small variations. The coefficient of variation for flaw depth at the arrised edge
of supplier (E) was much higher, amounting to 47.4 %
Fig. 4.15 shows the fit of experimental data to the time-dependent strength curves plotted
using crack velocity parameters v0 = 0.01 mm/s and n = 16, corresponding to laboratory
testing conditions. The parameters were presented in Table 2.4, according to Haldimann
[2006]. The mean strength values as dots, and their confidence interval (of 95 %) shows
to be above the strength curve estimations. The strength estimation curves are therefore
conservative.
An illustration of the typical failure initiation location at the inclined surface can be seen in Fig.
4.16. The arrised edges contained always inclined grinding scratches that can be identified in
the figures. The arrised edge of supplier (E) contained a rough surface with individual deep
flaws initiating the failure. The failure initiated most often at the edge surface at the edge of
supplier (E), however due to lack of grinding damage at the edge surface on those of supplier
(D), the failure initiated at the inclined surface or at the bottom edge.
Figure 4.16: Microscope pictures of inclined surface in arrised specimens: Left arrised of supplier
(E) and right of supplier (D).
As a conclusion, the calculated mean geometry factor value for the arrised edge is Ycalc = 0.886
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with a coefficient of variation 12.8 %. The average value for a flaw depth among all tested
arrised specimens was a = 64 µm.
Ground glass edge
According to microscope detection, the difference in ground edge flaws between three sup-
pliers was challenging to distinguish. However, some observations on the size of the critical
flaws were made. The surface of ground edges contained consistent damage with a certain
roughness. Finally, the critical flaw turned out to be the largest dent among a general surface
roughness. The failure initiated variously in all edge areas, at the edge and the inclined surfaces
and at the bottom edge.
The flaw parameters for ground edges of three suppliers are listed as well in Table 4.2. The
geometry factors for each ground edge of three suppliers were very similar, only the flaw depth
having some variation. The time-dependent strength curves are plotted in Fig. 4.17. The
curves are almost identical for suppliers (C) and (F). The strength was the lowest for specimens
of supplier (E) among three suppliers. The time-dependent strength curves have been plotted
using crack velocity parameters v0 = 0.01 mm/s and n = 16, corresponding to laboratory
testing conditions. The parameters were presented in Table 2.4, according to Haldimann
[2006].
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Figure 4.17: Time-dependent strength curves for ground edge results.
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As an example of detected edge flaws, an illustration is presented in Fig. 4.18. The figure shows
that even if it was challenging to find a difference in flaw populations between edges, the size
of the average grinding dents could give an indication how to analyze the flaws. For instance,
with the ground edge of supplier (C), the size of the dent is about 50 µm in diameter, whereas,
for supplier (F) dents are only 20 µm in diameter. The ground edge flaws always included
inclined grinding scratches that can be identified in the figures.
Figure 4.18: Microscope pictures of ground edge surface of supplier (C) (left) and of supplier (F)
(right). Only a small difference in edge qualities was observed, concerning the dent size.
By collecting all experimental values, a mean value for the geometry factor Ycalc = 0.957 is
obtained with a coefficient of variation 15.8 %. Therefore, all ground edges had similar flaw
populations. The average flaw depth for all edge was 44 µm, which is smaller than those
measured for cut and arrised edges. This value agrees with the flaw population detection that
from the previously mentioned edges, the ground one had the smallest flaws.
Polished glass edge
Strength results and microscope observations indicated that the polished edge had the largest
spread in flaw population between two suppliers. The polished edge of supplier (A) had
one of the lowest values of all edge finishings; polished edge of supplier (B) had the highest.
Time-dependent strength curves for polished edge specimens are plotted in Fig. 4.19, and
this strength difference is seen. The difference in strength between two suppliers was ∆σeq =
67.1 MPa, which is relatively large for specimens at same edge finishing, when the mean
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value for the polished edge of supplier (A) was only σeq = 59.7 MPa. The flaw parameters
listed for polished edges were shown in Table 4.2. The time-dependent strength curves have
been plotted using crack velocity parameters v0 = 0.01 mm/s and n = 16, corresponding
to laboratory testing conditions. The parameters were presented in Table 2.4, according to
Haldimann [2006].
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Figure 4.19: Time-dependent strength curves for polished edge results.
The failure initiation location was important for the study, similarly to other edge finishings.
Both polished edges contained some remains of polishing grinding damage in the form of
inclined scratches along the edge surface. This can be seen in polished edge (Fig. 4.20).
For the polished edge of supplier (A) the failure initiated in most cases at the bottom edge, at
half-penny type flaws. The specimens of supplier (B) were initiated from polishing scratches
at the edge surface, their size being minor compared to those of supplier (A). In general, the
polished edge finishing had its lowest strength values initiated from major flaws existing at the
edge surface or at the bottom edge, and the highest strength values from minor edge surface
scratches. The lower quality polishing could also be called short finish, as described in flaw
definitions, Table 2.5.
As a comparison to earlier observations on the edge flaws, the polishing flaws were distinguish-
able. Whereas the flaws at cut, arrised and ground edges were more or less a constant flaw
population, the polished edge surface was rather smooth with individual inclined scratches
caused by the polishing or grinding tools. As the strength values vary largely between spec-
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Figure 4.20: Microscope pictures of polished edge surfaces of suppliers (A) (left) and (B) (right).
imens of two suppliers, it is not reasonable to give any mean value for polished edge flaw
parameters. The average geometry factor of the polished edge of supplier (A) is Ycalc = 1.176
with a coefficient of variation 24.9%, whereas the polished edge of supplier (B) represents
Ycalc = 0.571 with a coefficient of variation 11.4%. Therefore, these values represent more
of the range rather than an average. This topic of strength variations is further discussed in
Section 5.2.
Water-cut glass edge (non-commercial)
The lowest strength values were obtained for the water-cut glass specimens. The flaw parame-
ters obtained for the water-cut edge are listed in Table 4.2. The reason for such a low strength
was revealed during the microscopy study, where the large size of the critical flaws was noticed.
During water-cutting, the specimens are exposed to a water-jet and sand, which creates a
rough edge surface and large flaws at the bottom edges. The critical flaw after failure at the
bottom edge is illustrated in Fig. 4.21. The flaw is illustrated by a cross-section image as the
flaw depth was too large for an image made from the edge surface direction. This was noticed
to be a limitation in the confocal microscope flaw measurements.
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Figure 4.21: Microscope picture of the cross-section of water-cut glass edge with a surface flaw.
The time-dependent strength curves have been plotted using crack velocity parameters v0 =
0.01 mm/s and n = 16, corresponding to laboratory testing conditions. The parameters were
presented in Table 2.4, according to Haldimann [2006].
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Figure 4.22: Time-dependent strength curves for water-cut edge results.
An estimation of the time-dependent strength curve for the non-commercial water-cut glass
edge is shown in Fig.4.22. The experimental data fits well to the strength curve. Further studies
are required to make correlations to results for water-cut edges of other suppliers. The edge
finishing was produced in laboratory conditions, such was illustrated in Fig. 2.4.
Where other edge finishings had a large variation in strength (Table 4.2), the water-cut glass
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specimens had a coefficient of variation 6.3%. Therefore, even though the strength is low, the
predictability of the strength is high. The estimation of the geometry factor also had a small
range (variation coefficient 20.0%) with a geometry factor Ycalc = 0.821. The average flaw
depth was 170 µm for the studied specimens. The non-commercial water-cut edge presented
here does not give an indication of the edge finishing available in industry. Further studies are
required, also by comparing the results to other manufactured water-cut edges.
4.3.3 Discussion on the geometry factor
As a result of previous observations on the machining flaws, further discussion on the geometry
values is carried out. According to the flaw measurements before and after failure, there was no
observed significant increase in flaw dimensions (Section 3.4.5). Therefore, it was assumed: the
flaw depth ai = a f and the flaw width ci = c f . The geometry factor remains constant despite
the failure loading. The value for the geometry factor is dependent on the flaw dimensions
rather than being influenced by other factors such as the load duration.
In general, the geometry factors in the literature are proposed for theoretical crack shapes, such
as illustrated in Fig. 2.7 such as for a regular crack in a body. In reality, the flaw configurations
rarely follow the theoretical shapes proposed in the literature. The problematic of defining
the geometry factor is in fact linked to the complex machining flaw configuration as was
seen previously in Section 4.3.2. The theoretical crack shape, such as those half-penny cracks
have a smooth surface with regular shape. But in reality, the micro-flaw can have added
residual stresses created during grinding and mechanical material removal, or other micro-
and nano-scale flaws that influence radically the failure initiation.
The machining flaws were already discussed in Section 2.3.4. Some propositions for the
geometry factors also exist in the literature for flaws configurations that can be applied for
real flaw cases, such was listed in Table 2.3. Even more propositions exist, although the
exact dimensions of these flaws, their shapes and process of creation is still not completely
understood.
In Section 4.3.1, the choice of calculating the geometry factors for the studied specimens was
introduced. The mean Ycalc values obtained in the previous section, are listed below in Table
4.3.
Geometry factor calculations are not necessarily the only option to obtain propositions, but
also can be defined other ways as well. The possibilities of estimating the strength based on
literature geometry factor values is later investigated in Section 6.2.2 as a part of strength
prediction.
In order to provide further geometry factor propositions, detailed analysis is required. This
study requires an extended study of finding the link between the exact manufacturing process
that creates a certain flaw configuration. Then studying the flaw shape in nano-scale to
confirm the influence of detailed configuration influence in failure initiation. As a proposition,
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Table 4.3: Calculated mean values for the geometry factor per edge finishing as well the mean
flaw depth.
Edge Geometry Flaw depth
finishing factor Y a [µm]
Cut 0.798 58
Arrised 0.886 64
Ground 0.957 44
Polished (A) 1.176 35
Polished (B) 0.571 26
Water-cut 0.821 170
simulations on the flaw shapes is recommended taking into account possible residual stresses,
and flaw shapes with nano-scale modifications. This is mentioned as a future study in Section
7.3.
4.4 Fracture surface analysis
4.4.1 Analogy on the fracture surface
The basics on fracture surface analysis were already introduced in Section 2.3.3. The fracture
surface is a mirror zone that deform around the critical flaw, at the cross-section of the failed
specimen. Under a failure stress, once the critical flaw starts to propagate, mirror boundary
hackle lines are created after the radiating crack reaches terminal velocity. The observations in
the experimental study in Section 3.4.5 confirmed the theory. But after all, it is not clear, which
phenomenon creates these fracture patterns in glass. An extended study of fracture patterns
was presented by Quinn [2007]. As Quinn [2007] expresses the fracture surface can identify
the cause and origin of a failure. It also can determine whether a material contains unusual
flaws or if glass was simply overloaded. Fractography also can yield quantitative information
about the loading conditions at failure. Therefore, the fracture surface is seen as a source of
information that should not be underestimated.
Actually, the form of the fracture surface gave an image of resemblance to the analogy of
turbulence. As an example of the phenomena of turbulence can be illustrated by smoke rising
from a cigarette with a turbulent flow, such as in Fig. 4.23. For the first few centimeters, the
flow is laminar and after the smoke becomes turbulent.
The laminar part can be assimilated to the mirror radius part that becomes turbulent such as
the hackle as well in glass around the fracture origin, i.e. the cigarette.
Limited information is found on the time-dependency of glass strength in a relation to the
mirror radius. The relation presented in Eq. 2.15 is assumed to be valid for inert strength
values. However, what is not taken into consideration is the time-dependency in glass strength
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Figure 4.23: Analogy applied from the cigarette smoke showing a laminar flow and then a
turbulence pattern.
that makes also the mirror radius dependent on the loading time. The strength decreases due
to a longer loading time, however the mirror radius is calculated without any knowledge on
the actual loading time. This shortcoming in the existing formulation is further discussed in
the following sections.
4.4.2 Analysis of mirror measurements
Analysis of mirror measurements was performed for experimental values obtained at the
microscope detection. Four edge finishings were chosen for the study: cut and polished edges
of suppliers (A) and (B). The values were measured and tested at high and low stress rates,
which allowed the comparison of test values to the time-dependent glass strength theory
according to the fracture surface analysis. The time-dependency allowed the testing of the
hypothesis that the mirror radius is also dependent on the loading time.
The basic fracture surface analysis uses Eq. 2.15 explaining the relation between a mirror radius
rm , strength σ f and a constant B . In order to provide input data for fracture surface analysis,
the mirror radius rm values were measured for the fracture origins of tested specimens, after
failure such was explained in Section 3.4.5.
Some error in the measurements is accepted, similarly to other flaw measurements. The error
in mirror radius measurements occurred due to microscopes as well as deformed surface
mirrors. Circular mirror zones appeared only in high strength values because for lower strength
values the mirrors were deformed due to surface tensile stresses diminishing into the interior
and becoming compressive (bending). The shape of the fracture mirror depends on the
loading conditions [ASTM C1678-10, 2010]. The propositions presented below are based on
the assumption that the flaw depth is a constant value (the conclusions made in Section 3.4.5)
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independent on the loading time.
In the following the magnitude of the constant B is evaluated for the measured data rm and
failure strength σ f values. ASTM C1678-10 [2010] proposes the determination of B using a
linear regression method. This regression is plotted in Fig. 4.24 separately for specimens
tested either at high or at low stress rates.
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Figure 4.24: Relation σ f −1/prm with a regression line to determine B the slope for both tests
results at high stress rate (left) and low stress rate (right).
As a result, the experimental values give a regression line slope, where the constant B equals
2.2. The result fits well with the values proposed by both Johnson and Holloway [1966] and
Rodichev et al. [2007], introduced in Section 2.3.3. For a successful regression, the linear fit
is supposed to regress the data with a forced zero interception. This is desirable, although
the vertical displacement has no influence on the slope value B . According to ASTM C1678-
10 [2010] the negative intersection of the y − axi s would indicate tensile residual stresses
influencing the result. The vertical displacement is larger for tests performed at low stress rate.
Therefore, the difference in zero interception might indicate the strength degradation due to
stress corrosion. Further research is required to make final conclusions.
Analysis of the flaw measurements was taken further by comparing flaw depth a to the fracture
mirror radius rm . In the following analysis, a hypothesis was made to neglect flaw propagation
from ai to a f
2 The relation between the flaw depth and the mirror radius is presented in the
literature, by a relation 1/10, a = 0.10rm [Rodichev et al., 2007]. Using the experimental data
tested at a high stress rate, each specimen measured was plotted in Fig. 4.25.
In this figure, one can observe that the relation a = 0.10rm is unable to express the linear
relation for flaw measurements. Some error in the fit of the measured values to the linear
regression is also caused by the difficulty of measuring the flaw depth a. In addition, the error
that occurs in the relation a = 0.10rm is assumed to be linked to the absence of the geometry
2As was discussed in Section 3.4.5, no significant flaw propagation was observed in the microscope measure-
ments, therefore assuming the depth constant, indicated therefore as a term a. To neglect the possibility for a
subcritical crack growth in data analyzed, the study was carried out for series tested at a high stress rate (assuming
that then stress corrosion has no or only a small influence).
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Figure 4.25: Relation rm(a) a with a linear fit a = 0.10rm .
factor Y in the analysis. Therefore, I propose in this thesis that the relation between the initial
flaw and the mirror radius is solved as a three-dimensional representation. The following
relation is proposed, using a combination of existing Eq. 2.8 and Eq. 2.15:
rm(a,Y )=
(
BY
K I c
)2
pia (4.6)
The difficulty in fracture mirror analysis lies in the time-dependency of glass strength. There-
fore, the influence of loading time requires special attention. When failure occurs after a
higher loading time t > tr e f (see Section 4.3.1 for an explanation of strength levels), the rela-
tion rm(a,Y , t) using Eq. 4.7 is proposed, corresponding to time-dependent strength curve
(Eq. 2.13):
rm(a,Y , t )=B 2
[
1
t
2
(n−2)v0K I c−n(Y
p
pi)n a(n−2)/2
]−2/n
(4.7)
It is acknowledged that Eq. 2.13 assumes an initial flaw depth value ai propagating to failure
a f value. Due to the conclusions of the experimental measurements, the assumption was
made that ai = a f therefore only referred to a term a.
In the following section the fit of the proposed formulations is tested to the flaw measurements
performed for the tested specimens.
4.4.3 Results on fracture surface analysis
The experimental data tested at a high stress rate was plotted using the relation rm(a,Y ). This
estimation was made that the load duration was close to tr e f . The three-dimensional relation
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for data is shown in Fig. 4.26. It is noted that the assumption on the flaw depth remaining
constant is required for the following results 3.
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Figure 4.26: Three-dimensional presentation of the relation between the flaw depth, mirror
radius rm and the geometry factor Ycalc . The data corresponding to the experimental values
tested at a high stress rate with a theoretical fit using Eq.4.6.
The plots in Fig. 4.26 were obtained using the parameters proposed for the laboratory con-
ditions, where following values were used: K I c = 0.75 MPa
p
m, v0 = 0.01 mm/s and n = 16.
These values were adapted from the values presented in Table 2.4, according to Haldimann
[2006].
In order to evaluate the fit to the proposed rm(a,Y ) and rm(a,Y , t) relations, the values are
examined as a two-dimensional plot, in Fig. 4.27. The geometry factor lines correspond to
the three-dimensional surface shown in Fig. 4.26. In the two-dimensional Fig. 4.27, the fit
between the data and the surface is challenging to distinguish. Therefore, similar illustration is
plotted only for five flaw examples (right). The illustration of five points shows that adaptation
of the geometry factor gives a better fit to the dot (for a and rm), rather than Fig. 4.25 that has
only one option for linear fit. In the adapted version dots do not accurately follow the linear fit,
but still the fit can be seen improved. In order to evaluate of the goodness-of-fit between the
3As was discussed in Section 3.4.5, no significant flaw propagation was observed in the microscope measure-
ments, therefore assuming the depth constant, indicated therefore with a term a. To neglect the possibility for a
subcritical crack growth in data analyzed, the study was carried out for series tested at a high stress rate (assuming
that then stress corrosion has no or only a small influence).
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Figure 4.27: Left a two-dimensional presentation of the values obtained for the polished edge of
supplier (A). Dots correspond to rm- a measurements and the lines the geometry factors. In the
right image, five flaw examples (for cut (A)) are shown to illustrate the link between lines and
dots. Both figures are two-dimensional presentations of those three-dimensional ones in Fig.
4.26.
proposed theory and data, a sum of square of the error to mirror radius values is calculated.
Three approaches were compared using polished edge of supplier (A) experimental data. The
sum of square for the simple relation rm = a x 10 was 1.4 x 10−5. The same values for rm(a,Y )
(Eq. 4.6) was 4.4 x 10−6 and for rm(a,Y , t) (Eq. 4.7) the value was 6.7 x 10−6. The best fit
is therefore found for the relation rm(a,Y ) (Eq. 4.6), where the sum was the smallest. The
relation rm = a x 10 was the weakest to express the relation between mirror radius and flaw
depth.
Therefore, the three-dimensional presentation is noticed to be more suitable than just a simple
relation rm(a). This means that the fracture mechanics approach requires two parameters
(a,Y ) rather than only one (a) to characterize the failure strength for a specimen. Additionally
in all cases the loading time must be taken into account. This procedure is further analyzed in
Section 6.3, giving some recommendations for the practice.
As concluded previously, the flaw depth had an insignificant difference when measured before
or after failure. The parameter v0 corresponding to the subcritical crack growth velocity
seemed to have a small physical meaning. Consequently, v0 as the flaw propagation was
challenging to be measured from specimens. Secondly, this means that the relation a− rm is
important as a flaw depth a can initiate a failure with a large or a small mirror radius (Eq.4.6)
depending on the loading time. This is valid only when the initial hypothesis that the flaw
depth remains constant is adobted.
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4.5 Comparison of failure theories
The experimental data was analyzed with time-dependent strength curves in Section 4.3.2
for each edge finishing, and in Section 4.4.3 for the analysis of the fracture surface. Both
approaches of explaining the glass failure strength contained eventually some error that is
furthermore examined.
The results of using these two approaches were presented separately, but the question remains,
which approach is working better? How can the difference be evaluated? Already the initial
information on the glass specimen gives an indication on the choice made: The approach
of fracture mechanics is suitable for pre-failure analysis and strength predictions (discussed
further in Section 6.2), whereas the approach of fracture surface analysis is used after failure,
where the mirror radius is measured from the cross-section of the failed specimen (further
discussed in Section 6.3)
In the simple equation explaining the mirror radius and strength, the loading time is not
taken into account, but it is acknowledged that loading time, as it influences decreasingly the
strength, has also an increasing effect on the mirror radius. This relation is illustrated in Fig.
4.28 as a comparison to strength values at t = 1 s (this value was assumed tr e f = 1 s).
Figure 4.28: Comparison of two approaches: fracture mechanics, and fracture surface analysis,
were both strength and mirror radius are loading time dependent.
The relation shows that if the loading time increases to 100 s, the strength reduces 25 % while
the mirror radius increases 77.8 %. Respectively, this theoretical relation works accordingly to
higher loading times, for both: the fracture mechanics and the fracture surface analysis.
For further evaluation, three strength values are compared: 1) Experimental failure strength
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values, 2) calculated failure strength values according to fracture mechanics (using a measure-
ments and Yest i m values from Table 2.3) and 3) calculated failure strength values according to
fracture mirror measurements. Yest i m values correspond to state-of-the-art recommendations
on geometry factors such listed in Table 2.3. This comparison of three values was chosen to be
performed for polished glass edge values of supplier (A) and (B). The results are shown in Fig.
4.29 for calculated strength values as a function of experimental strength values tested at a
high stress rate, neglecting then subcritical crack growth.
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Figure 4.29: Comparison of theories for experimental values tested at high stress rate (no
subcritical crack growth) for polished edge of supplier (A) and (B).
The results show that the fracture mechanics estimation often gives higher values in strength
than the actual experimental values indicate. While sum of square for the difference between
the experimental and fracture mirror data is only 145, the same difference for the values of
fracture mechanics is 537 (for polished edge of supplier (A)). The values for supplier (B) were
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209 for the fracture mirror data and 315 for the fracture mechanics failure strength values. For
both edge finishings, the mirror radius gives a closer approximation of the strength than the
fracture mechanics estimation.
4.6 Conclusions
This chapter was dedicated on flaw characterization. According to the analysis and measure-
ments obtained the relation between flaw size and strength was confirmed: the larger the
critical flaw initiating the failure, the lower the strength. A similar relation was found for the
mirror radius: the larger the mirror radius, the lower the strength. 90% of the specimens was
assumed to fail in mode I , as the rest of the failures initiated outside of the loaded area. In
addition, a link between the failure strength level and the fragmentation was found.
According to the experiments performed, it can be concluded that existing failure prediction
theories can be applied to explain the failure strength of glass. The approach of explaining
the failure strength according to the critical flaw dimensions was chosen as a basis for flaw
characterization. The analysis was performed separately for each edge finishing. The critical
flaw was characterized using flaw parameters: depth a and geometry factor Y that was
calculated obtaining Ycalc for each edge finishing. These geometry factors as well Yest i m were
compared to evaluate to the fit to the experimental data.
The failure strength had no linear relation to flaw depth (a). Therefore, the addition of the
geometry factor Y in the relation was proposed obtaining relations: rm(a,Y ) for inert strength
and rm(a,Y , t) for time-dependent strength evaluations. In the fracture surface analysis, a
constant value B = 2.2 was confirmed using a regression fit to the measurement data.
Finally, the approach of using the fracture surface analysis was more reliable in strength
prediction as using Yest i m values to estimate the strength according to fracture mechanics.
Next the discussion focuses more on the strength-related factors for the experimental data.
Final propositions on glass strength and analysis procedures are explained in Chapter 6.
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5 Edge strength evaluation
In this chapter various edge strength-related factors are evaluated. The analysis is performed
using experimental test results to evaluate the influence of the choice of supplier, edge finishing,
loading conditions and the effects of protective coatings and the size effect on the strength of
glass.
5.1 Introduction
This chapter is dedicated to discuss glass edge strength-related factors. The aim is to under-
stand if and to what extent, besides the flaw size, other factors influence the failure strength.
Previously the link between the flaw size and the strength was illustrated in the flaw character-
ization using the existing strength theories. These theories and strength prediction models are
based on several strength-related parameters. These model parameters such as crack velocity
parameters n, v0, were already discussed extensively in Haldimann [2006], therefore this part
of the study is only referred to. The glass strength factors discussed in this chapter are: 1) the
influence of edge finishing, 2) the choice of supplier (manufacturing process), 3) the effect
of testing and environmental conditions, 4) the question of the use of protective coatings, 5)
the size effect and influence of glass thickness on strength. Finally, also other possibilities of
uncertainties that might contribute to the final failure strength are discussed.
The influence of edge finishing is presented in Section 5.2.1 and manufacturing process
in Section 5.2.2, both with an evaluation based on the experimental data. The effect of
testing environment and overall testing conditions are discussed in Section 5.2.3 reviewing on
stress corrosion effects. In addition, the possibility of avoiding stress corrosion in glass using
protective coatings is discussed in Section 5.2.4.
The experimental study was performed for small-scale glass beam specimens. In order to
propose recommendations for real-size beams, the strength values are evaluated in the light of
the size effect, in Section 5.2.5. Finally, it is questioned if there exist also a possibility of other
uncertainties or effects, which could cause variations in strength values. These uncertainties
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are evaluated in Section 5.2.6. Finally, Section 5.3 concentrates on discussing the interpretation
of previously mentioned factors.
5.2 Discussion on strength-related factors
All strength-related factors are discussed using the experimental data obtained for glass beam
specimens. The analysis is based on the obtained flaw parameters that are presented for
edge finishings in Table 4.3. These mean geometry and flaw depth values were proposed for
each edge finishing, although due to the large variation in strength between two suppliers of
polished edges, the flaw parameters were separated to (A) and (B). These conclusions were
made previously in Section 4.3.3.
The following factors have been evaluated in terms of glass strength. Other criteria influencing
glass design or choice of glass material, such as visual appearance, price and preference have
been excluded.
5.2.1 Choice of edge finishing
The most common industrially produced edge finishings were introduced in Section 2.2.2. In
the experimental study, five of the edge finishings were tested: cut, arrised, ground, polished
and water-cut. Cut edge is the primary edge finishing, while arrised, ground and polished are
further processed versions of the cut edge. The inspected surface edge flaws linked to the edge
finishing were described before in Section 4.3.2.
The comparison of edge finishings is presented in Fig. 5.1, with time-dependent strength
curves, which are based on flaw parameters presented in Table 4.3. The evaluation was made
comparing mean values between edge finishings.
According to the existing knowledge on edge finishings as presented in Section 2.2.2, it is
estimated that the order of strength levels is as follows, from the highest edge strength to the
lowest:
1. Polished edge
2. Ground edge
3. Arrised edge
4. Cut edge
5. Water-cut edge
If this preliminary strength estimation is compared to actual experimental results in Fig.
5.1, the evaluation shows inconsistent results. The polished edge of supplier (B) gave the
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Figure 5.1: Comparison of edge finishings described with time-dependent strength curves.
highest strength level as predicted. The polished edge of supplier (A) gave relatively low values,
which are assumed to indicate an exceptionally low polishing quality rather than an expected
strength level for a polished edge. Cut and ground edge strengths were at a similar level and
arrised edge at a slightly lower level. These observations indicate that the cut glass edge has
relatively high strength compared to other edge finishings. Therefore, it is questioned the
advantage of producing arrised and ground edge finishings if the strength level remains the
same or even decreases from the cut one. Water-cut edge obtained the lowest strength level as
expected.
5.2.2 Choice of supplier and manufacturing
Due to the lack of regulated manufacturing processing (except those guidelines presented
in Section 2.2.2), each supplier is producing glass and edge finishing according to their own
standards: machines, grinding wheels and their use, age and type of glass, chemical compo-
sitions of the glass panel, among other factors. The characteristics of the edge finishings at
the micro-flaw level were presented in Section 4.3. According to those observations, the flaws
explained why there is such a large strength difference in experimental results, between two
polished edge strength levels of suppliers (A) and (B).
In order to understand if the choice of the supplier gives an indication of the edge strength
level, the strength curves per supplier were evaluated by plots. In Fig. 5.2 the strength of cut
and polished edge is compared for supplier (A) and (B). Surprisingly for supplier (A) the cut
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edge strength is higher than the polished one. The difference is inverted and even larger for
edge strength of supplier (B).
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Figure 5.2: Comparison of cut and polished edges of suppliers (A) and (B), illustrated as time-
dependent strength curves.
The results show that the strength of cut and polished edges is far related to the choice of
supplier in a sense that one of them would produce consistently higher strength level edges.
As a choice of supplier and higher edge strength, cut edge of supplier (A) and polished edge of
supplier (B) would be the optimum choices. Therefore, the results of polished and cut series
argument that the manufacturing process used by the supplier has the main influence in
strength.
The strength relation between cut and ground edge of supplier (C) and cut and arrised edge
of supplier (D) is presented in Fig. 5.3. In both cases, the strength between edge finishings is
relatively small, rather non-existing in the case of supplier (C). This observation would state
that further processing after cutting is not necessary, due to the absence of any gain in strength.
The results indicate that in terms of edge strength, the supplier (C) would be a slightly better
option rather than supplier (D).
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Figure 5.3: Comparison of edge finishings of suppliers (C) and (D) in terms of edge strength.
92
5.2. Discussion on strength-related factors
The strength results of arrised and ground edges of supplier (E) were compared in Fig. 5.4. It is
observed that the edge strength of supplier (E) was the lowest if compared to other previously
mentioned suppliers. In addition, the results show that arrised edge gave higher strength
level than ground one, which was assumed contrary previously in preliminary hypotheses in
Section 5.2.1.
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Figure 5.4: Comparison of arrised and ground edge finishings of supplier (E) with time-
dependent strength curves.
Results of suppliers (C) and (D) show that the choice of the supplier gave a closer indication
of the strength rather than the choice of the edge finishing. This argument is false for the
observations made for other suppliers, especially for supplier (B), where the strength level
differences were the largest.
5.2.3 Influence of environmental and loading conditions
It is suggested that environmental, testing and loading conditions can have an influence on
glass edge strength. The literature review on stress corrosion was already presented in Section
2.3.2, also in Fig. 2.12, where the influence of relative humidity [%] and ambient temperature
[◦C ] was introduced. For instance, during a loading time, glass is exposed to ambient humidity
that due to stress corrosion reduces the failure strength. This strength degradation was seen in
experimental results, for instance in Section 3.4.2. Following factors are taken into account:
1. The ambient humidity during strength testing, as relative humidity [%].
2. The ambient temperature during strength testing [◦C ].
3. Loading method: deformation or force controlled testing that could influence the stress
history and therefore the load duration.
It was proposed in Section 2.3.2 that subcritical crack growth in glass could be described
by means of crack velocity parameters such as v0,n. According to Wiederhorn [1967] crack
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propagation velocity is dependent on the relative humidity [%]. Respectively, the effect of
temperature on crack propagation was presented in Wiederhorn and Bolz [1970]. The effect of
humidity and temperature according to the knowledge on stress corrosion is therefore also
related to the time of exposure, the loading time. The strength results have been treated with
a focus on the failure loading time, also expressed as a load duration. Wiederhorn [1967]
proposed that the higher the relative humidity at testing, the higher is the crack propagation
velocity. Therefore, in the light of experimental failure strength values, high relative humidity
could be associated to lower strength level.
In standard strength testing procedure [DIN EN 1288-3, 2000], glass is loaded at a constant
stress rate of 2±0.4 MPa/s. The testing conditions are proposed to be in the range of 23±5◦C
in temperature and 40−70% in relative humidity. In addition, strength is determined taking
into account the effect of load duration in a form of a factor kmod in prEN 13474-3 [2004], Eq.
2.3. For 5 seconds loading kmod = 1.0, where for 500 seconds the same factor is kmod = 0.75.
This factor indicates that the strength is reduced according to the longer loading time. The
load duration was assessed for tested specimens with the influence of size effect in a related
study in Vandebroek et al. [2011]. It was observed that the load duration effect can be predicted
quite well by the existing coefficient kmod according to prEN 13474-3 [2004].
The effect of environmental and testing conditions was evaluated for the experimental strength
results. The experiments were performed on different days, so the outside weather caused
some variations in the ambient testing conditions (discussed in Section 3.3.2). As a collection
of testing conditions for each series, temperature and relative humidity values are listed in
Table 5.1, with strength and loading time values.
Table 5.1: Overview of tested series indicating the testing conditions.
Edge Supplier Mean σ f [MPa] Mean σ f [MPa] Temperature Relative
finishing (loading time [s]) (loading time [s]) [◦C ] humidity
at high stress rate at low stress rate [%]
Cut A 84.1 (4.9) 69.6 (50.2) 19.7 35
Cut B 75.1 (4.7) 56.3 (37.5) 21.2 39
Cut C 96.6 (1.7) 77.6 (38.9) 22.4 39
Cut D 89.1 (1.6) 74.0 (36.3) 21.7 34
Arrised D 79.4 (1.6) 67.1 (34.9) 22.6 41
Arrised E 72.4 (1.5) 63.1 (31.7) n/a n/a
Ground C 94.8 (1.9) 81.5 (40.7) 21.7 34
Ground E 73.3 (1.1) 66.4 (33.4) n/a n/a
Ground F 94.2 (1.8) 78.2 (39.0) n/a n/a
Polished A 71.1 (3.5) 54.2 (36.9) 23.0 69
Polished B 150.9 (7.2) 107.8 (810.6) 21.2 39
Water-cut G 49.3 (2.4) 36.0 (232.3) 17.6 32
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In the experimental study, the average ambient temperature was 21◦C and the relative humid-
ity 42 %. The conditions varied largely between tested series. Initially was made an assumption
that the stress corrosion effect is minor in strength values tested at high stress rate due to
shorter time of exposure to humidity (t f ≈ tr e f ). The testing conditions were compared to
DIN EN 1288-3 [2000]. Only for water-cut edge specimens the temperature went under the
recommendation by 0.3◦C . Temperature nor relative humidity values never exceeded the
recommendations, the relative humidity was only lower than recommended for tested series
of cut (A), (D), ground (E) and water-cut (G). It is observed though that the polished edge
of supplier (A) was tested at relatively higher humidity, 69 %, which could indicate lower
strength level, but was still inside the recommended relative humidity conditions 40−70%.
The higher humidity for polished edge of supplier (A) was studied further by contrasting
the fit of experimental data to time-dependent strength curves obtained with different crack
velocity parameters v0. Normally, it was chosen a value v0 = 0.01 mm/s to correspond to
laboratory conditions, although a higher value v0 = 6 mm/s was also mentioned. Due to
the higher humidity during testing, the fact is taken into account as a higher crack velocity
parameter v0 = 6 mm/s for general value. This transformation leads to a lower geometry factor,
Ycalc = 0.789 instead of 1.176 (which was associated to v0 = 0.01 mm/s). If the time-dependent
strength curve is then formed using this transformed Ycalc value, it is obtained a fitting for the
experimental data, shown in Fig. 5.5.
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Figure 5.5: Comparison of the fit of experimental data (dots) tested at high and low stress rates
for polished edge of supplier (A), with the fit to time-dependent curves using crack velocity
parameters: v0 = 0.01 mm/s when Y=1.176 and v0 = 6 mm/s with a modified value Y = 0.789.
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As an observation of the modified crack velocity parameter as a link to the fit to experimental
data, no difference is seen in Fig. 5.5. Actually, the most difference is noticed in the beginning
of strength degradation, at the reference loading time tr e f . Due to higher exposure to humidity,
tr e f is smaller. In addition, if we look at Fig. 2.12, the small variations in the relative humidity
might not make a large difference and therefore, v0 = 0.01 m/s is a good estimation. It is
acknowledged though that the strength and crack velocity parameters must be adjusted again
for glass tested in water or in other dielectrics, tested in extreme temperatures or conditions
such as dynamic failure, explosion among other issues that are out of the scope of this research.
In the experimental study, the used machine and the deformation/force controlled testing can
also play a role in obtained failure strength values. Although, the force-deformation curves of
loading had both the linear part during loading. The choice of testing machine might have
caused some variations in the load duration, but the difference is seen small to affect the
obtained test results in a larger scale. More experimental investigations are required to make
further assumptions.
In general, the glass beam specimens were tested using the approach of a constant stress
rate. The transformation of a stress rate to a constant stress loading was assured conservative
by Vandebroek et al. [2012b] to be used in design. Therefore, it was agreed to approve the
constant stress rate transformed, equivalent strength values σeq , and use them in the analysis
of experimental values.
5.2.4 Effect of protective coatings
The basis for glass strength study and the question of using protective coatings was earlier
presented in Section 3.1. It was then discussed the level of glass strength and it was proposed
two options for glass strength improvement; either by influencing the manufacturing process
by reducing the flaw size, or either using a protective coatings avoiding the effect of stress
corrosion in glass.
The results of the coated and uncoated glass beam strength results were presented in Table 3.6.
The results are presented as well in Lindqvist et al. [2012] with coating data sheets in Appendix
B. The experimental study showed that the uncoated specimens loaded at a high stress rate
reached 22% higher average strength level than the uncoated specimens that were loaded at a
low stress rate.
All coated specimens were tested at a low stress rate to see if their strengthening effect may
avoid the stress corrosion and preserve the strength at the level of the uncoated specimens
tested at a high stress rate. Only coating 3 appeared to have this strengthening effect and
coating 5 had it partially. The strength values are illustrated as a Weibull plot for uncoated
specimens 0, and coating 3 in Fig. 5.6. Not only the coating 3 preserved the strength, but also
decreased the variation among strength values.
In order to understand the difference why some of the coatings functioned and some did not
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Figure 5.6: Glass specimens without coating (0) tested at a high and a low stress rate as a
comparison to coated specimens (3) and (5), using Weibull distribution plot.
Figure 5.7: a) An illustration of the glass edge at the failure location showing the layer of coating
3, Rhodorsil Silicon grease Paste 4, on top of the glass. The figure presents a part of the cross-
section of the glass specimen as well as the location where a flaw initiates the failure. b) A layer
of epoxy resin (coating 4) covering the glass edge-surface.
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protect the surface, microscopy study was performed to study failed glass specimens. The
thickness of the coatings was studied using a confocal microscope (LSM710). Fig. 5.7 a) and b)
show an illustration of the glass cross-section after failure. The coating layer is situated on the
glass edge. The study with the microscope showed that the thickness of the coatings varied
between 20 µm and 200 µm depending mostly on the viscosity of the coating product.
As an observation of the microscopy, the thickness of the coating does not give an indication
of its strengthening effect. Even if all coating products were assumed to be water- and vapor-
resistance, still they did not function on a glass. For instance, coating 2, Bluestar Silicones
BP 9710, might not have been suitable on a glass, neither being vapor proof as it seemed to
allow surface breathing, explained in Appendix B.2. The coating 5, tape, was not translucent
as wished, but also had troubles of obtaining consistent results. In practice, the tape would
be the easiest to apply and remove compared to other coating product solutions. Finally the
reasons why the coatings were unable to protect the glass surface from stress corrosion effects
are estimated to be:
• Possible limitations of the coating product to avoid humidity to penetrate at the glass
surface.
• Shrinkage of the coating product during curing: 1) creating a gap between the coating
product and glass, 2) cracking of the coating product being glued to the glass surface.
Coating product was unable to remain intact during handling and/or did not deform
during bending loading equally to glass specimen.
• Error in the coating product application or procedure.
After evaluating the possibilities of error, the coating 3, Rhodorsil Silicon grease Paste 4, had
an advantage of being a grease that did not require curing time, had no shrinkage, was not a
mixture to be prepared nor had problems of being intact during handling. The product was as
well slightly sticky, and not practical in an extensive use.
It is acknowledged that this exploratory study gave only an indication of the possibility of
using protective coatings on glass, although further studies are required for its successful
application. Some criteria were listed that the protective coating product should fulfill:
• Water/vapor-resistance.
• Thermal expansion coefficient similar to glass.
• Impact resistance, tough, with a strong adhesion to glass.
• Long-term durability against environmental impacts.
• Clear and thin coating layer preserving the transparency of glass.
98
5.2. Discussion on strength-related factors
• Easy and economical application of the coating product.
The future studies and requirements are discussed in Section 7.3.
5.2.5 Size effect and thickness of glass
The experimental study in Chapter 3 showed that the failure stress values obtained by testing
were relatively high. This is partially a consequence of the small size of studied specimens.
According to Weibull and the theory of weakest link [Weibull, 1951]: the larger the specimen,
the higher the probability of a large flaw.
The size effect was discussed in Vandebroek et al. [2011], where the experimental values were
compared between the specimens in question and specimens of 500 mm x 50 mm x 4 mm of
nominal dimensions. The size effect was evaluated using theories proposed by Sedlacek et al.
[1999]; Fischer et al. [2002] (see Section 2.3.2 for introduction).
As a conclusion of the comparison between specimens of two sizes, it was observed that the
approach by Sedlacek et al. [1999] was not conservative and could lead to unsafe values in
beam design. The same conclusions were drawn based on the approach proposed by Fischer
et al. [2002].
As a second overview on the size effect, the study on the influence of thickness was also
established. The thickness has two types of influences: 1) as the loaded area is double when
the thickness doubles, 2) is an outcome of a manufacturing process that is adjusted to the
thickness, and therefore creates a different flaw population. Similar discussion was carried
out in Fischer et al. [2002] establishing an effective shell model.
The size effect is analyzed based on the experimental results, comparing the stress values of 4
mm and 8 mm thick specimens of same suppliers. The experimental values can be found in
Section 3.4.2. In principle, the area exposed to tensile stresses was double to 8 mm indicating
a lower strength. This is valid if the edge flaws are linked to the thickness. There is no evidence
that the manufacturing process, and the flaw populations, would be exactly the same for
different thicknesses. For instance, the cutting machine characteristics are adapted to the
glass thickness (Section 2.2.2) and might therefore indicate a difference in flaw population at
the edge.
According to failure stress values, several observations are made considering the thickness
effect:
• When comparing cut specimens, the experiments indicate that the failure stress is lower
for 8 mm specimens. The level is 45.0 % lower for edge of supplier (C), where as the edge
of supplier (D) had only 9.7 % decrease.
• For arrised edge finishings, the failure stress was almost the same or even higher for
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8 mm specimens compared to 4 mm ones. This indicates that the edge surface flaws
might have been almost the same or even smaller for thicker glass.
• The failure stress values for ground edge were much higher (from 8.4 % to 25.1 %) for
8 mm thick specimens than 4 mm ones. Therefore, the surface flaws must be much
smaller for thicker glass than for thin one. The failure stress in fact should be lower
according to the size effect of the loaded area.
• Surprisingly also the coefficients of variation were smaller for some of the 8 mm thick
glass specimens indicating consistently an uniform edge surface flaw population in a
specimen.
Finally, the results show that the size effect of the larger loaded area, therefore higher occur-
rence of the critical flaw, does not necessarily lead to a lower failure stress. An experimental
study on different thicknesses such as specimens of 10/12/15mm should be investigated, as
they are commonly applied in structural glass beams.
5.2.6 Other uncertainties
Material strength design is an outcome of a structural reliability study, such in Melchers [1999],
establishing safety factors and design values. Despite the large knowledge on glass behavior,
still it is asked if all strength-related factors are well known. Unknown uncertainties that can
influence strength are next discussed, concerning parameters that are not taken into account
in the current standards and literature.
In order to evaluate the randomness of strength-related factors, one option is to perform
an analysis of variance (ANOVA). Two of these types of studies were carried out during the
research, however, due to the large variation between tested series, no clear relation between
factors or conclusions on their randomness or importance could be found. Therefore, no
conclusions could be drawn due to the large source of error.
The influence of other factors that could contribute to the large strength variations between
tested specimens are furthermore evaluated. The uncertainties can be divided in following
subtopics that are proposed as a future work in Section 7.3:
Material:
• The material chemical composition, material imperfections, production conditions
and production characteristics. In the performed study, the material composition
was assumed consistent, although some variations between suppliers are possible. In
addition, to chemical composition, is there other production-related issues that might
influence glass strength?
• The age of as-received glass material and the storage time between production and
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testing. What is the influence of humidity in storage time? Does the age of the glass
influence somehow its properties?
• Possible residual stresses existing in annealed glass or/and residual stresses created
during glass processing (float line) or edge manufacturing.
Processing and conditions:
• The handling and specimen preparation, if glass is processed or drilled in water and
then dried, such as during water-cutting process.
• Logistics, handling, humidity changes, shocks or vibrations.
In addition, it should not be neglected other possible human or machine errors. Is there
an influence in strength caused by handling, logistics, fatigue, or other uncertainties? It is
acknowledged that no answer is obtained and it is proposed to perform a complimentary study
on parameters, such as glass fatigue, crack healing, stress corrosion and crack propagation, as
suggested in Section 7.3.
5.3 Interpretation of glass edge strength
Glass edge strength is influenced by several factors. One of the choices that a glass designer
has to face is the choice of the edge finishing. The analysis of the experimental results showed
that the polished edge gave the highest strength values (although without consistent evidence),
therefore being the most suitable for challenging structural glass applications. The answer to
the question, which edge finishing gives the highest strength and why, was not that clear and
therefore it is proposed to introduce glass edge quality levels, added in Section 6.4.1.
The choice of the supplier showed some indication of the strength level, in a few cases. Until
the edge finishing and manufacturing processes are regulated and standardized, it is almost
impossible to predict the outcome of the manufacturing process. The influence of the supplier
in terms of glass edge strength is so much dependent on the machine characteristics and the
glass material itself (such discussed in Section 5.2.6). Therefore, the choice of the supplier is
not seen as the major factor in terms of glass edge strength.
The environmental conditions have an influence on the obtained stress values as glass strength
is time-dependent. The strength degradation can be described by means of load duration
kmod factor. According to standard testing conditions, the small variations in temperature
and relative humidity has no major importance. The question is rather, what crack velocity
parameters should be used in which conditions in order to have a reliable strength prediction.
Protective coatings (for instance Rhodorsil Silicon grease Paste 4) are proposed to be used on a
glass area where the tensile stresses are influencing. The use aims at avoiding stress corrosion
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and therefore the strength degradation during loading time. For instance, the load duration
factor kmod could then be eliminated in the absence of load duration effect. As an example,
where an unprotected edge strength would decrease 25% while the load duration increases 100
times [s], protected edge strength would remain the same. If the effort is put in the production
of higher edge quality, the gain in strength might be even higher. The most optimal solutions
would be to invest in both: improving edge manufacturing and the use of protective coatings.
According to Vandebroek et al. [2011], the use of existing theoretical propositions is uncon-
servative. However, the study of size effect for tested glass specimens, the evaluation of size
effect gave inconsistent results. The size effect should be distinguished separately to size
and thickness effect. First of all, according to the size effect the larger the loaded area, the
higher probability of finding a large flaw. Therefore, a larger specimen would indicate a lower
strength. Indeed, this was noticed, however only when the thickness remained the same.
Finally, the observations made in Chapter 4 showed reasonable relation between the flaw size
and the failure strength. Other factors mentioned have assumed to have a smaller influence.
Therefore, the edge strength should be evaluated in terms of flaw size rather than any other
factor.
5.4 Conclusions
Glass strength is related to several factors, which were studied experimentally and further
analyzed using the existing knowledge on glass strength and standards. According to the
remarks made for factors that might influence the strength, it is concluded the following:
• The main influence in glass edge strength is related to the edge flaw size. The flaws
created during a manufacturing process is not clearly linked to the choice of supplier or
the edge finishing.
• The size effect in glass design must be taken into consideration, although the results
are varying from conservative to unconservative. The theoretical approaches should be
distinguished separately to a size effect and a thickness effect.
• The testing conditions should follow standard propositions according to [DIN EN 1288-
3, 2000], other extreme conditions (in temperature, humidity and dynamic loading)
should be studied separately.
In following Chapter 6, the observations and conclusions made until now are collected and
used as a basis for propositions in glass design and practical recommendations for glass
strength prediction.
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This chapter proposes a strength prediction method and a post-failure procedure. In addition a
new concept of edge quality is introduced.
6.1 Introduction
This chapter provides recommendations for glass edge strength. These recommendations con-
sist of a method predicting glass edge strength, a post-failure procedure, and an introduction
to the concept of edge quality.
Previously, in Chapter 4 glass edge flaws were characterized, which was complimented by a
discussion on the strength-related factors in Chapter 5. Finally these results are collected to
propose a failure strength prediction method for a glass edge in Section 6.2. This part explains
a method to define edge strength based on flaw detection and critical flaw measurements.
After destructive testing, the fracture surface area reveals information about the glass failure.
A post-failure procedure is based on the mirror radius measurements with the combination
of flaw characterization. Due to the fact that strength is time-dependent, the post-failure
procedure allows an estimation of the load duration in addition to the failure strength. The
post-failure procedure is proposed in Section 6.3.
In Section 6.4, propositions for glass edge quality are suggested. This Section 6.4 includes
propositions on glass edge quality levels, discussing glass design principles and edge quality
management.
6.2 Failure strength prediction method for glass edge
The edge strength level can be estimated without destructive testing, using only microscope
flaw detection. The procedure is based on the approach of estimating flaw sizes according
to the theory of fracture mechanics, used also in flaw characterization in Chapter 4. The
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following procedure is proposed:
1. Flaw detection. The flaw detection is to be performed using available microscope
techniques. The inspection includes detecting the entire glass edge flaw population
in order to make an estimation on the critical flaw. Depending on the glass specimen
size: the smaller the detected area, the easier it is to estimate, which flaw will initiate the
failure. In principle the critical flaw is the edge flaw that appears the largest in size. The
estimation of the critical flaw at the glass edge should consider excluding other possible
failure locations, such as the pane surface, which might contain large flaws causing an
unexpected failure. 1 An example on the critical flaw detection is shown in Appendix F.
2. Critical flaw dimensions. The dimensions of the critical flaw are obtained by measuring
the depth a [µm] and by estimating the configuration according to the propositions for
the geometry factor Yest i m , in Table 2.3. Flaw detection is discussed further in Section
6.2.1.
3. Estimation of the ambient conditions. In order to propose the correct time-dependent
strength prediction for a studied glass edge, estimation of the ambient environmental
conditions is required for temperature and humidity. Evaluation is made depending
on the applications of the glass element, such as room temperature and humidity or
glass in water. These values reflect the effect of stress corrosion and the choice of crack
velocity parameters, v0 and n. The values were listed in Table 2.4 proposing values for
laboratory conditions, general design conditions or glass in water.
4. Strength prediction. The method includes first describing the time-dependent strength
curves for the chosen critical flaw and then plotting the strength prediction using Weibull
failure probability. In the latter case a characteristic value is obtained, rather than a
deterministic mean value for strength.
First a methodology for flaw detection is explained more in detail in Section 6.2.1, which is
extended further in Section 6.2.2 to cover the failure strength prediction method for a glass
edge. The estimated strength values are proposed as being an indication to be used in final
strength prediction in beam strength design, such as proposed in Section 6.4.3.
6.2.1 Flaw detection methodology
Several propositions in the literature report the advantages of modern microscopy in the study
of glass surface micro-flaws. The use of optical methods to evaluate surface roughness and
flaws has many advantages over the use of mechanical measurement methods and scanning
electron microscopes (SEM). In addition to a fast sample preparation, good accuracy and
1These production, logistic and/or handling induced flaws should be detected and these specimens eliminated
as the flaw configurations are out of the scope of the research. This was already discussed in Section 4.2.2.
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reliability are important features of the optical system. The absence of mechanical contact
with the measured surface makes the optical method easy to use. The topic of flaw detection
in the experimental study was already discussed in Section 3.4.1. In this experimental part, the
study concentrates on detecting and measuring individual flaws both before and after failure
estimating the flaw dimensions. After using flaw detection methods with microscopy, the
results demonstrated the advantages and disadvantages of each method. Finally, the use of a
confocal microscope is determined as the most suitable option among microscopes tested.
The observations made during experiments showed that with larger study area, the harder it is
to estimate the critical flaw. Flaw detection with a microscope can be limited due to the glass
specimen size or the microscope used. The choice of the microscope might create limitations
on the glass specimen sizes and shapes 2
Already a general view of the edge can reveal an estimation of the edge flaw population,
although then the information on the critical flaw is limited. A possibility exists that the
flaw population is regular and consistent along the edge. Although this is rare, due to the
observation that the critical flaw can also be a flaw that is created outside of the regular
manufacturing process. These types of flaws might have a major influence, more so than just
the average flaw population.
Finally, once the possible critical flaw is detected, the following measurements are proposed:
• Measurement of the flaw depth a, such illustrated in Fig. 6.1.
• Estimation of the geometry factor for the flaw configuration, according to Table 2.3.
• Supplementary dimensions can also be measured, such as the flaw width c, in order to
calculate the geometry factor according to Newman and Raju [1979]. The width mea-
surements could be useful in a case the estimation of the geometry factor is otherwise
impossible. Although, in Section 4.3.1 was discussed that the fit of Ycalc values to the
theory of Newman and Raju [1979] was insufficient.
Flaw depth is measured by using the z direction focus of the optical microscope and measur-
ing the distance between obtained optical layers. This topic was also discussed during the
experimental study and illustrated in Fig. 3.5. Further information of the microscope study is
provided in Appendix G.
Next is explained how these measurements can be used in edge strength prediction.
2The height limitation for the glass specimen was about 1cm for the confocal microscope used and might not
indicate the ultimate limitations, as the specifications depend eventually on the microscope technique available.
In a case of such a height limitation, glass edge can be cut from larger panes and studied separately.
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Figure 6.1: Illustration of the flaw detection direction to measure flaw depth by optical micro-
scope layers, reprint from Fig. 3.4
6.2.2 Strength prediction
The failure strength prediction method for glass edge is explained using an example. The
presented failure strength procedure is applied for experimental data introduced in Section
3.4.1, using flaw measurements performed. For this study, the data obtained for the polished
edge of supplier (A) is chosen, including 37 specimens. For each specimen, the depth of the
critical flaw a was measured and the geometry factor Yest i m estimated, using listed values
from Table 2.3.
The values used in the strength prediction example are shown in Table 6.1. The table contains
flaw depth measurements and the geometry factor estimations that correspond to experimen-
tal values. Next, strength estimation values fest i m , are calculated to correspond to strength
values based on Yest i m and flaw depth measurements. The strength estimation values in inert
conditions are calculated:
fest i m = K I c
Yest i m
p
pia
(6.1)
Using a value K I c = 0.75 MPa
p
m for the toughness, similarly to previous analysis in Section
4.3.1.
For time-dependent strength determination, the estimation of the ambient conditions is then
required. The parameters are estimated to vary between v0 = 0.01 mm/s and v0 = 30 mm/s
where n = 16 depending on humidity and temperature levels. In this example laboratory
conditions are used, but depending on the air humidity or if the glass element is in water
the parameters should be adapted. As mentioned previously these parameter values were
explained in Haldimann [2006] and therefore only referred in this thesis.
Taking average values: a = 35 µm and Yest i m = 0.969 (of values listed in Table 6.1), following
strength estimation curve is obtained, in Fig. 6.2. The figure shows both estimated fest i m and
experimental σ f values.
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Table 6.1: Study of strength prediction for obtained experimental data, polished edge of supplier
(A).
Specimen a [µ m] Yest i m fest i m [MPa]
1 50 0.722 82.90
2 20 1.120 84.50
3 20 1.120 84.50
4 20 1.120 84.50
5 20 1.120 84.50
6 40 1.120 59.75
7 50 0.713 83.95
8 60 1.120 48.79
9 40 1.120 59.75
10 35 1.120 63.88
11 65 0.722 72.71
12 40 0.713 93.86
13 20 1.120 84.50
14 20 1.120 84.50
15 70 0.722 70.07
16 50 1.120 53.44
17 50 1.120 53.44
18 35 1.120 63.88
19 50 0.713 83.95
20 25 0.713 118.72
21 40 0.713 93.86
22 20 1.120 84.50
23 60 0.713 76.64
24 20 1.120 84.50
25 20 0.999 94.74
26 20 0.999 94.74
27 20 0.999 94.74
28 20 0.999 94.74
29 100 1.120 37.79
30 30 0.713 108.38
31 30 0.713 108.38
32 20 0.713 132.74
33 20 1.120 84.50
34 20 0.999 94.74
35 20 1.120 84.50
36 20 1.120 84.50
37 20 0.999 94.74
mean 35 0.969 69.60
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Figure 6.2: Illustration of the time-dependent strength curve for estimated fest i m and experi-
mental strength fexp data.
In the following, the strength values are compared between experimental values fexp that
correspond to failure stress values of four-point bending tests (σ f ), and estimated failure
stress values fest i m before destructive testing. The aim is to examine how well the estimation
values correspond the actual experimental values, presented in Section 3.4.2 as well in Table
C.21. The strength estimation was made for fest i m(t = 1s) (where is estimated that tr e f ≈ 1 s
corresponding to inert conditions) and the illustration shows that the spread is much larger for
estimated values than for strength values obtained experimentally fexp . The average for fest i m
was near 10 MPa larger than the average value for fexp = 59.7 MPa. This can be explained with
the strength reduction of the larger loading time that was t = 3.5 s for the experimental data.
10 MPa (14 % decrease in strength) would correspond to near 10 s increase in loading time,
which is an overestimation of the actual loading time t = 3.5 s.
The second step of the failure strength model is to obtain a failure prediction. In this purpose,
the data is plotted fitting to a Weibull distribution (two-parameter) in Fig. 6.3.
Table 6.2: Values for failure strength data with Weibull (2 param) distribution.
Strength Weibull Weibull mean fg .k.W
data θ β [MPa] [MPa]
fest i m 75.8 4.8 69.6 40.7
fexp 63.8 7.4 59.7 42.7
108
6.2. Failure strength prediction method for glass edge
0 20 40 60 80 100 120
0
2
4
6
8
10
12
14
16
Failure strength [MPa]
Fr
eq
ue
nc
y
 
 festim
Weibull fit to festim
fexp
Weibull fit to fexp
Figure 6.3: Histogram of the estimated and experimental strength values with a Weibull distri-
bution fit.
The estimated strength values have a larger spread, larger θ in addition to larger mean value.
The shape of the histogram is seen when calculated characteristic strength values that show
opposite results. The characteristic strength estimation gives a conservative value of the
strength if calculated with a 95% failure probability using the Weibull distribution ( fg .k.W ) .
The analysis of characteristic values is carried out according to the use in the standards. In
Section 2.3.1 the standard glass strength design methods were presented. For instance in prEN
13474-3 [2004], the design glass strength is determined using a characteristic strength value
for annealed soda-lime glass fg .k = 45 N/mm2. The tests should be repeated for equal or more
than 20 specimens to have enough data to support a statistical analysis. If only a small number
of specimens are tested, the samples might represent the extreme values that do not represent
the average quality produced. The larger the data set, the more reliable the statistical analysis
[EN 12603, 2002].
The characteristic strength estimation values are 5% smaller than the experimental values.
This is illustrated In Fig. 6.4 where the data are shown using the Weibull probability plot.
The initial observations showed that strength estimation overestimated the average strength
made based on the flaw inspections before destructive testing. Finally, if the characteristic
values are used, the estimated strength is noted to be slightly conservative. Therefore, the
analysis confirms that strength prediction with estimated strength values fest i m can be used,
when the strength value correspond to a characteristic value fg .k .
109
Chapter 6. Propositions for glass edge strength
30 50 70 90 110 130 150
0.01 
0.02 
0.05 
0.10 
0.25 
0.50 
0.75 
0.90 
0.96 
0.99 
Failure strength [MPa]
Pr
ob
ab
ilit
y
 
 
Weibull fit to festim
festim data
Weibull fit to fexp
 fexp data
Figure 6.4: Strength data as a Weibull probability plot.
6.3 Post-failure analysis
The fracture surface analysis showed in Section 4.4 that the fracture mirror measurement
reveals important information on the time-dependent failure strength of the studied speci-
men. The comparison of existing approaches acknowledged the utility of the fracture surface
analysis in the study of glass failure, such in Section 4.5. In this section, the approach of using
fracture mirror measurements is combined to the flaw characterization. As a result a novel
method, a post-failure procedure is proposed.
6.3.1 Post-failure procedure
The results on the fracture surface analysis showed that the failure strength can be expressed
in terms of mirror radius, rm (see Section 4.4.3). The analysis was obtained by fitting the exper-
imental data to failure strength values. In the following, a post-failure procedure is proposed.
The aim is to present a procedure that allows determination of the failure strength as a function
of loading time based on the critical flaw and the fracture mirror radius measurements from a
failed specimen. For this procedure, a scheme is proposed in Fig. 6.5. It should be noted that
the procedure is only valid when the flaw depth a is assumed constant (ai = a f = a).
The procedure starts by a detection of the fracture origin (the critical flaw). Here, the use of
a confocal microscope is recommended, similarly to failure strength predictions in Section
6.2.1. The initial dimensions measured are: the flaw depth a, the mirror radius rm and an
estimation of the geometry factor Yest i m .
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Dene the fracture origin
Measure aw depth a [m]
Estimate geometry factor Y
Measure mirror radius rm [m]
Calculate rref  [m]  (Eq. 6.2) 
Flaw measurements:
If  rm ≈  rref  
Failure strength  (Eq. 6.3)
If  rm >  rref  
Failure loading time  (Eq. 6.4)
Time-dependent failure strength   (Eq. 6.5)
rref =
(
BY
KIc
)2
pia
Figure 6.5: Suggestion for the post-failure procedure.
A new term, a reference value for a mirror radius rr e f is next proposed:
rr e f =
(
BY
K I c
)2
pia (6.2)
The reference value represents a mirror radius that equals to strength in inert conditions. As
the theory of fracture surface analysis presented in Section 4.4.1 showed, glass strength and
mirror radius are time-dependent. Therefore, rr e f is a reference value to verify if the failure
occurred at inert conditions or due to a longer loading time t > tr e f , when rr e f < rm . This
is based on the argument that the longer the loading time, the smaller the failure strength
and the larger the mirror radius. This reference value is similar to the one used for reference
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loading time tr e f Eq. 4.5 that can be used to define the limit of the inert strength level. The
reference value indicates the same load duration, which is used to calculated rr e f value. The
reference value for a mirror radius rr e f , which is a theoretical reference value for a mirror
radius corresponding to a strength value independent from strength-reducing stress corrosion.
In the estimation of experimental values fit to proposed relation for reference mirror radius
value, Eq. 6.2, the values are estimated utilizing experimental results. The characterization of
machining flaws in Section 4.3.2 showed that in most cases the experimental strength values
are above the time-dependent strength curve, therefore indicating that rr e f might be smaller
than the post-failure procedure would show. It is concluded that if rm ≤ rr e f , the inert strength
level can be applied to explain the failure strength value f f .i ner t .
f f .i ner t =
Bp
rm
(6.3)
If rm ≈ rr e f , the failure strength can be calculated using the approach of fracture mechanics
(using a,Y ) or fracture mirror analysis (using rm), as all input values are known. However, as
in Section 4.5, the fracture mirror analysis gives a better approximation of the strength value,
therefore is also used for failure strength estimation at this stage.
In the experimental part, the specimens loaded at a high stress rate corresponded closely to
inert conditions, rr e f ≈ rm . Then a simple relation rm(a,Y ) is used (Eq. 4.6). For specimens
tested at longer loading times t > tr e f , the relation rm(a,Y , t ) is applied (see Section 4.4.3 for
Eq. 4.7).
The specimens loaded at a low stress rate had values rm > rr e f , where the mirror radius values
were large. The measurement of the mirror radius was challenging for small specimens, where
occasionally rm > 1 mm, while the thickness of the specimen itself was only less than 4 mm.
If rm > rr e f , the failure strength is decreased by time-dependency. In this case, the calculation
of the loading time leading to the strength degradation is required. Finally a time-dependent
strength value f f .t (t) as a function of loading time is obtained. As illustrated in Fig. 6.5, the
measured values a,Y and rm are used as an input to calculate the failure loading time t f :
t f =
2
rm−n/2B n(n−2)v0K I c−n(Y
p
pi)n a(n−2)/2
(6.4)
Depending on the testing conditions, the crack propagation parameters can be defined. For
laboratory testing, it is proposed: v0 = 0.01 mm/s and n = 16. For the toughness K I c = 0.75
MPa
p
m is used.
Finally using, all previously mentioned values, the final time-dependent failure strength can
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be calculated (similarly to 2.13):
f f .t (t f )=
[
2
t f (n−2)v0K I c−n(Y
p
pi)n a(n−2)/2
]1/n
(6.5)
As a result, the failure strength of the failed specimen is obtained including the information of
the actual loading time.
6.3.2 Learning from glass failure
The previously developed approach can be useful in evaluating existing structural glass el-
ements that show unexpected failures. The approach is limited to cover annealed glass,
therefore excluding other interesting topics, such as tempered glass and nickel-sulfide in-
duced failures. The reason for an unexpected failure can be variable. Therefore, other cases
should be considered as well, such as failures due to tensile stresses linked to a temperature
difference or to an eccentricity in a column, for instance. Finally, the failure can occur as
well due to an exceeded load or poor glass quality and large imperfections. The previously
mentioned post-failure procedure studies the failure strength and its time-dependency. By
flaw detection, important information of the flaw dimensions and its shape can be collected,
indicating the cause of such a flaw and its link to the failure initiation.
This approach of learning from glass failure is also useful for the manufacturing process, with
the objective to improve the quality for edge finishings. The edge strength can be tested
experimentally, although not yet revealing the nature of the edge flaw population. Therefore,
measuring and obtaining qualitative and quantitative information of the produced edge
finishing and machining can be used as an indication of the glass quality. This topic is further
discussed below.
6.4 Propositions for glass edge quality
In this section, the aim is to present the experimental results and their analysis in the light of
practical propositions concerning edge finishings and strength, introducing at the same time
the concept of edge quality. The concept is proposed to be used in the context of evaluating
produced edge finishing accordingly to a high or a low quality level. The concept aims at
acknowledging that one strength value is unable to express the large variation of the produced
edge finishing quality and at least three levels are required to distinguish the strength of the
produced edge finishing.
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6.4.1 Concept of edge quality
Glass edge strength should be divided into different quality levels. In this research, the quality
levels are defined corresponding to glass edge quality that is a function of edge flaws: The
larger the flaw, the smaller the strength and the lower the quality.
It is proposed that edge quality can be evaluated in terms of following criteria:
• Mean strength
• Strength variation
• Weibull parameters (θ, β) for the strength data.
• Characteristic strength values ( fg .k )
• Flaw size dimensions (a,Y )
In all cases, the size effect of the studied glass specimens (40mm x 4mm loaded area) must be
taken into account when using proposed values. The used values for the studied specimens
are listed in Table 6.3. In addition, in strength design other factors should not be neglected,
including the strength degradation due to stress corrosion. The following experimental values
correspond to specimens tested at a high stress rate.
Table 6.3: Test results for studied specimens
Edge Supplier Mean Coefficient of θ β fg .k
finishing σeq variation [%]
Cut A 70.6 16 75.2 7.2 49.8
B 63.1 13 66.5 8.7 47.2
C 81.1 17 86.5 8.0 59.6
D 74.9 16 79.6 8.1 55.2
Arrised D 66.7 7 68.6 18.4 58.3
E 60.8 22 66.2 5.0 36.6
Ground C 79.6 10 83.1 12.9 66.0
E 60.8 25 66.6 4.4 33.7
F 79.1 14 83.4 9.7 61.3
Polished A 59.7 17 63.8 7.4 42.7
B 126.8 13 133.6 10.0 99.3
Water-cut G 41.4 6 42.6 17.4 35.9
The edge quality is finally proposed to be evaluated in terms of 1) mean strength and θ, 2) the
coefficient of variation and β. Additionally, the edge quality is evaluated for 3) characteristic
strength values fg .k . A fourth possibility could also have been the flaw size (a,Y ), although
the flaw size was found to be linked to the strength and does not give any supplementary
information.
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1. Glass edge quality according to mean strength: Strength is related to several factors that
were discussed in Chapter 5. Flaws were seen to have the most influence on the failure strength
level of the tested series. The edge quality is proposed to be divided into three failure strength
levels as described in Table 6.4. Additionally the experimental data was divided to the quality
levels according to mean equivalent failure stress σeq and θ values.
Table 6.4: Glass edge quality levels for tested specimens under constant stress. Suppliers of the
tested series are indicated in brackets.
Glass edge Mean θ Cut Arrised Ground Polished Water-cut
quality level σeq
High σeq > 90 MPa θ > 90 (B)
Medium 50 MPa<σeq 50< θ (C)(D) (D) (C)(F)
σeq < 90 MPa θ < 90 (A)(B) (E) (E) (A)
Low σeq < 50 MPa θ < 50 (G)
2. Edge quality variation. This approach aims at evaluating the range of strength. It was
noticed that the failure stress values were widely varying, with a small range seen as an
advantage for strength design and reliability. The edge quality levels in terms of coefficient of
variation and β are shown in Table 6.5.
Table 6.5: Glass edge quality variation in terms of coefficient of variation for tested specimens
under constant stress in inert conditions. Suppliers of the tested series are indicated in brackets.
Edge quality Coefficient β Cut Arrised Ground Polished Water-cut
variation level of variation
High cv < 10% β> 15 (D) (G)
Medium 10%< cv 5<β (B)(D) (C)(F) (B)(A)
cv < 20% β< 15 (A)(C) (E)
Low cv > 20% β< 5 (E)
If one observes the edge quality of water-cut specimens: the quality is poor in terms of failure
stress, but high in terms of the variation of the values. A small range gives a higher reliability
for the failure strength prediction.
3. Edge quality in terms of characteristic strength. This approach combines previously
mentioned edge qualities that were defined for strength and variation, eventually proposing
the levels by characteristic strength fg .k .
The lists and order of tested specimens by the supplier and edge finishings in quality levels vary
depending on the choice of the edge quality concept. Finally, the third option for evaluating
the quality using characteristic strength is seen as the most useful, as it better describes the
strength level, taking into account the shape coefficient β.
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Table 6.6: Glass edge quality variation in terms of characteristic strength values for tested
specimens under constant stress. Suppliers of the tested series are indicated in brackets.
Edge quality fg .k [MPa] Cut Arrised Ground Polished Water-cut
High fg .k > 60 (C)(F) (B)
Medium 40< fg .k < 60 (A)(B) (A)
(C)(D)
Low fg .k < 40 (E) (E) (G)
6.4.2 Edge quality management
In glass design, knowledge concerned the failure edge strength can be used in multiple ways.
This knowledge can be used as a tool to improve glass edge quality and have the means to
preserve it against stress corrosion.
In experimental study (Section 3.1) a question was asked: How much other factors influence
the strength and, furthermore, how can the strength values be improved? Two options were
proposed a) improving the edge quality by smaller flaw size or b) using a protective coating
preserving the strength at the inert strength level. In the following, these two approaches are
elaborated, to be used in glass edge quality management.
Strength improvement
In Section 5.3, the interpretation of the analysis showed that the most improvement in strength
can be obtained by simply reducing the critical flaw size. Other strength-related factors were
secondary. And as the most influence in flaws was created by the manufacturing process, the
edge finishing produced by the supplier and the machining flaws count the most. The edge
quality control is proposed to include an iterative quality testing for glass edge, following the
quality control of Fig. 6.6
1. Production of the edge finishing. This includes detailed notes on the manufacturing
process: conditions, type of grinding wheels, the position of the glass element to the
grinding wheels, glass material, etc.
2. Flaw characterization. Microscopy of the edge flaws before failure (obtaining a strength
prediction such in Section 6.2) and after failure (for post-failure analysis such in Section
6.3). For the glass specimen a destructive in-plane bending test is performed obtaining
the failure stress value. Tests should be repeated for equal or more than 20 specimens to
have enough data to support a statistical analysis.
Steps 1 and 2 should be repeated until aimed edge quality level is obtained. As an outcome the
reasons behind a possible low edge stress are finally understood, as well as the large variations
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Figure 6.6: Edge quality improvement as an iterative process.
between the obtained stress values. In addition, the critical flaws that are not created by
the manufacturing process can be detected, such as defects caused during handling. These
problems at the manufacturing level can be eliminated after recognizing the steps at the
manufacturing process and the influence of machining flaws created.
Furthermore, when the inert strength level and the edge quality level is established, the time-
dependent strength curves formed based on the flaw information can be designed. As a result,
an edge finishing with an improved edge quality is produced with known time-dependent
strength prediction.
Strength preservation
What about strength preservation using protective coatings, is there any future? As was
discussed in Section 5.3, the applications of the protective coatings at the glass edge are
seen valuable. The failure stress decreases radically after longer loading times, and as this
degradation can be avoided, the opportunity to extend the life of the glass element should
not be neglected. Arguments for the use of protective coatings are highly recommendable,
although it is acknowledge that its applications as well as long term behavior under varying
environmental conditions remains still unexamined, leaving room for further development.
6.4.3 Strength design applications
Glass failure and the reasons behind an unexpected failure are an interesting topic in the field
of glass research. Glass material goes through a quality control process at the fabrication
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line, minimizing material imperfections (see Section 2.2.3). Although this is not enough to
eliminate machining edge flaws at glass panes. As these micro-flaws are related to strength,
it is reasonable to concentrate on flaws in locations of tensile stress as a probable location
of failure initiation. Glass edge flaws have characteristics that influence the edge strength
and therefore the entire design of glass element where the edge is exposed to tensile stresses,
such in beam applications. Therefore, the beam is seen as the main application of the results,
however other possibilities are also possible, such as in windows, columns and wall elements.
Already in the presentation of the existing research done for edge strength (Section 2.3.4),
the edge was separated from the study of the glass pane surface area. In standards, the edge
strength is rarely treated. The standard test methods presented in Section 2.4.1 showed the
possibilities for the strength testing, although mostly treating the strength of the glass pane
surface (out-of-plane loading). If non-standard testing methods are used, the size effect can
be covered by taking it into account in the strength calculations. Section 2.3.2 showed the
basics for size effect, and Section 5.2.5 discussed the difficulty of applying only one coefficient
for the size effect of the specimen as well as for the thickness of the specimen.
Finally the design glass strength is obtained according to standards (Section 2.3.1), such as
prEN 13474-1 [1999], where the design glass strength is determined using a characteristic
strength value for soda-lime glass fg .k .
6.5 Conclusions
The following propositions are concluded:
• Failure strength prediction method for glass edge allows an estimation of the failure
strength before destructive testing. The method includes four steps 1) flaw population
inspection by microscopy, 2) estimation of the critical flaw and its dimensions, 3) esti-
mation of the ambient conditions and 4) determination of the time-dependent strength
prediction.
• Post-failure procedure is an useful method to study already failed glass specimens. The
procedure is part of an approach to learn from glass failure. As a result, a failed specimen
is studied obtaining information on the failure strength as well on the load duration.
• The concept of the glass edge quality and edge quality variation were introduced. As
a proposition, these quality levels can give an indication of the means to evaluate the
glass edge strength and furthermore find the points at the manufacturing process to
iteratively improve the edge quality. The edge quality was evaluated in terms of 1) mean
strength, 2) strength variation and 3) characteristic strength values.
• The ideas for strength design principles were discussed proposing to perform a beam
design according to experimental strength data, following the edge quality levels and
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performing an iterative strength testing to find the optimal solution providing high
quality glass products.
119

7 Conclusions
This chapter summarizes the main contributions and recommendations for the future work.
7.1 Introduction
In this research work, a new approach is proposed predicting glass failure strength based on
edge flaw characterization. The aim was investigate whether or not edge strength can be quan-
tified in terms of edge flaws, with flaw characteristics being dependent on the manufacturing
process.
This chapter presents the main conclusions of the entire research performed. Propositions for
future work are provided in Section 7.3.
7.2 Main contributions
Failure strength prediction method for glass edge: The following conclusions were drawn
concerning flaw detection methodology and strength prediction:
• Out of the investigated techniques, confocal microscopy was the most suitable tech-
nique to identify visually and measure edge surface flaws.
• While comparing the flaw measurements made before and after destructive testing, no
significant difference was seen in the flaw configuration or depth. The flaw dimensions
were, therefore, assumed constant, being independent of load duration. This conclusion
is contradictory to the theory that glass is exposed to the stress corrosion causing
subcritical crack growth. Either the measurement methods used did not allow reliable
measurements to detect accurately the flaw propagation, or the subcritical crack growth
was so small that it was within the measurement error, estimated to be 10%.
• The proposed strength prediction method allows for estimation of the failure strength
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before destructive testing. Obtained characteristic strength values can further be used
in glass strength design. The method includes four steps:
– flaw population inspection by microscopy,
– estimation of the critical flaw and its dimensions,
– estimation of the ambient environmental conditions, and
– determination of the time-dependent strength prediction.
Post-failure procedure
• Failure strength had no relation to the measured flaw depth (a). The addition of the
geometry factor Y in the relation is necessary to find the fit to the experimental data.
• In the fracture surface analysis, a constant value B = 2.2 was defined by a regression fit
to the measurement data.
• Relations between mirror radius and flaw measurements were proposed: rm(a,Y ) for
inert strength evaluations and rm(a,Y , t ) for time-dependent strength. The difference in
strength according to the loading time is calculated using a reference loading time tr e f .
• Post-failure analysis is a method to study already failed glass specimens. The method
is part of an approach to learn from glass failure. As a result, a failed specimen is
studied obtaining information on the failure strength as well on the load duration. The
procedure includes:
– detection of the fracture origin,
– measurements of the flaw dimensions and of the mirror radius,
– calculations of the reference mirror radius value rr e f that indicates the time-
dependency of the failure,
– calculating the failure strength value either occurred in inert conditions or was
influenced by the loading time.
The concept of edge quality.
• As a proposition, three quality levels give an indication of the glass edge strength and
furthermore find the points at the manufacturing process to iteratively improve the edge
quality. The edge quality was evaluated in terms of:
– mean strength
– strength variation
– characteristic strength
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• The main influence in glass edge strength is related to the edge flaw size. The optimal
solution is to choose an edge finishing containing the smallest flaw sizes and eliminate
the effect of stress corrosion and strength degradation by using a protective coating.
This would mean that the load duration effect can be neglected in edge strength design,
which makes the strength only flaw size-dependent.
7.3 Future work
Future research work is proposed in following topics:
Parametric study on glass strength. The presence of several strength-related factors was
acknowledged during the study, although the lack of the experimental data did not
allow coverage of all possible factors. Therefore, it is proposed to have a detailed study,
concentrating on the influence of all parameters in strength, by performing an exper-
imental study varying parameters such as: load history, testing conditions (humidity,
temperature), material chemical composition variations, specimen size and shapes
(some examples were already mentioned in Section 5.2.6). The study can be extended
by performing a reliability study on glass flaw parameters. Use of statistics and Monte
Carlo simulations could be considered to improve the reliability of glass strength and
design prediction.
Quality control methods. Extending the methodology of flaw detections used in other ma-
terials (steel, concrete) to glass. This would include considering the use of existing
proposals on steel: Safe life method and Damage tolerance method. The study includes
extending the flaw characterization to a flaw catalog. This concerns all kind of flaws, as
well at the glass pane surface, material imperfections and random damage occurrences.
The method could be used as a tool for practical glass quality evaluations covering
also other types of flaws, those created outside of manufacturing processes. Can these
models be applied to other edge finishings? In order to cover all flaw configurations, this
would require expanding the study on all edge finishings and more suppliers. Also other
applications should be considered, such as edge finishings at drilled holes.
Protective coatings. Further studies on edge-strengthening and strength preservation by
using coating products. Implementing the knowledge of the chemical properties of
coatings to match the applications on glass would require collaboration with the indus-
try. This requires experimental investigations on an interdisciplinary level to find the
optimal product solution and combinations with the glass.
Simulation of glass failure and crack propagation. Establishing the real crack configuration
in a simulation model, realistically modeling the subcritical crack growth, as well as
crack propagation. This would validate the experimental investigations obtained. In
order to simulate flaw propagation correctly, nano-scale scans of the flaw configuration
and simulation of the failure initiation is required. What is the actual influence of air
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humidity, RH [%], on strength and subcritical crack growth, especially at the micro/nano-
level. Which prediction is more accurate, to express it in terms of variations in crack
velocity v0 or stress intensity factor K I ? Is the study on subcritical crack growth rather a
theoretical assumption or a real measure?
Study of mixed-mode failure in glass. Those failure initiation locations that occurred out-
side of the loaded area could be linked to mixed-mode I &I I failure, where the crack
propagates as a combination of tensile and shear stresses. This approach and its applica-
tion in structural elements could be interesting. The current failure prediction assumes
a mode I failure.
Evaluation of glass strength in terms of fracture energy. According to the observations on
annealed glass fragmentation during experiments, the size of fragments might have a
link to the failure strength, that can also be associated to fracture energy. Therefore, by
performing an experimental study finding a relation between the fractured area to the
fracture energy could be established.
Extending the flaw detection based strength prediction for heat treated glass Investigations
on the flaw sizes in tempered glass and their linked to the failure strength should be
carried out. This includes simulating the residual stresses at the edge, and especially at
the crack-tip and how they influence the failure initiation, crack propagation and the
failure prediction.
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A Time-dependent strength equation
In the following part, the derivation of the failure stress as a function of loading time is
presented.
The crack depth as a function of loading time:
a(t )=
(
K I
σ(t )Y
p
pi
)2
(A.1)
Where the crack growth is described with stress intensity factor:
v = d a
d t
= v0
(
K I
K I c
)n
(A.2)
Eq. A.2 is solved with integrals.
∫ a
a(t )
a
−n
2 d a =
∫ t
0)
v0K I c
−n(Y
p
pi)nσn(τ)dτ (A.3)
Crack is expressed with an initial value ai that is exposed to crack opening stress σ(t ):
a(t )=
(
ai
2−n
2 + 2−n
2
v0K I c
−n(Y
p
pi)n
∫ t
0
σ(τ)dτ
) 2
2−n
(A.4)
The load duration is solved using Brown’s integral [Brown, 1972].
∫ t
0
σn(τ)dτ= 2
(n−2)v0K−nI c (Y
p
pi)n ai (n−2)/2
[
1−
(ai
a
)(n−2)/2]
(A.5)
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It is assumed that a f À ai and then (ai /a) approaches 1.
∫ t f
0
σn(τ)dτ= 2
(n−2)v0K−nI c (Y
p
pi)n ai (n−2)/2
(A.6)
Finally the stress is expressed in terms of loading time t that refers to a static loading.
σ(t )=
[
2
t (n−2)v0K I c−n(Y
p
pi)n ai (n−2)/2
]1/n
(A.7)
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B Protective coating product specifica-
tions
B.1 Bioresin biovest 578
Silitech AG/SA
Worbstrasse 173
CH-3073 Gu¨mligen
www.silitech.ch
Description:
Biovest N 578 is a dispersion, solvent-free, highly reactive, consisting of polymers and hybrid
biothan-X parts in water. Biovest the 578 is a modification of biovest 570 containing various
additives and more.
Biovest N 578 can be applied by roller, brush, spray or wet. It adheres to wood, some plastics,
glass, stone, concrete, etc.. On porous, applying a first layer diluted with water. It is advisable
to apply a second coat before drying pure first. For plaster, make a pure layer and let dry.
Thereafter applying a second. The adhesion to substrates mentioned and very effective. After
drying a transparent film and abrasion resistant is obtained. The amount depends on the
medium and between 150 ml /m2 and 350 ml /m2.
Technical Data:
Active matter content 55% can be mixed up to 3 parts water to 1 part product or a water-
miscible solvent
Appearance: Milky liquid
Smell: Slightly ammonia
Density:1.0 g /cm3
Viscosity: 170−190 mPas
Applications: As a primer, filler, binder, coat, tack coat to difficult surfaces etc. It is also used
as a binder for natural fibers and sand. This layer is hydro and oleophobic but is permeable to
air, which allows the treated surface to breathe.
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Implementation property:
Tack follows: <20 minutes
Usable after: <40 minutes
Adhesion to glass: ASTM D-3359 (5A)
Hardness: ASTM D 3363 (2H)
Climate tests: 1 year Florida test Loss of gloss < 85% discoloration <2 Delta E
Test temperature: 24 h at 120◦C . Discoloration: <2 Delta E
Cleaning: The tools and surfaces are cleaned with a mixture of 1: 1 and R BIOSAN water.
Security: No special precautions.
B.2 Bluestar Silicones BP 9710
Bluestar Silicones FRANCE S.A.S
21, Avenue Georges Pompidou
F-69486 Lyon Cedex 03
Description:
RHODORSIL BP 9710 is an emulsion of an oligomer alkylpolysiloxane for protection against
moisture facades. This waterproof system fully respects the environment because it is fully
formulated aqueous phase and is free of any organic solvent and contains no surfactant
ecotoxic. The experience gained over 40 years shows that the waterproofing Silicones are a
good solution to the problem of moisture in the construction field especially when it comes to
dealing with the materials it need to preserve the natural appearance for aesthetic reasons.
RHODORSIL BP 9710 has a test report issued by the CSEC (Centre Scientifique et Technique of
Construction - Belgium): ref HD 340/133-151 the 20/02/2006
Benefits:
• High resistance to water penetration by capillarity
• Very versatile allowing its use on the main porous inorganic carriers.
• Very good permeability to water vapor.
• Very small change in the natural porosity of the material and its aspect.
Features Type: alkylpolysiloxane oligomer aqueous emulsion
Appearance: milky
Coloring: homogeneous white milk
Density at 25◦C : approx 1.0
Active material content: 44% Emulsifier type: non-ionic
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B.3. Rhodorsil Silicon grease Paste 4
pH: about 10
Diluant: water
Surface Preparation: Only vertical or steeply inclined surfaces are affected by this type of
treatment.
Dry: After a rain wait at least 24 hours, or in the case of a cleaning facade with water under
pressure to wait 3 days (dry).
Clean:
• Remove by brushing the low friction elements (hard friable, powdery or crusty)
• Seal cracks larger than 0.3 mm,
• Clean surfaces with dirt.
In all cases, avoid cleaning with chemical detergents or acids alkali.
Method of application:
• By spreading: With a flat brush on very rough materials or roller - reserved small areas.
• By watering: With an airless sprayer or airless spray gun with variable spray nozzle.
Remarks:
Regardless of the application method chosen, it is necessary to apply to refusal of support
without stress, the gloss should not persist.
• In most cases a single application will be required to obtain desired performance.
• The performance of waterproofing materials will be treated best if applied an adequate
amount of RHODORSIL BP 9710: One liter of a solution RHODORSIL BP 9710 is usually
sufficient to treat an area of 3 m, this amount can vary because it depends essentially on
the nature of the support and its absorption capacity (0.2 to 2 liters per m2 depending
on material).
B.3 Rhodorsil Silicon grease Paste 4
Description:
RHODORSIL PASTE 4 is a dough-based silicone oil and polydimethylsiloxane inert fillers.
This paste is particularly suitable for the protection and isolation devices power, especially in
extreme temperature conditions.
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• Hydrophobic benefits.
• Chemically inert.
• Good dielectric properties.
• Low variation in properties depending on the temperature.
• Resistance to extreme temperatures: −40,◦C to +200,◦C .
• Compliance with MIL and NATO.
Examples application:
• Protection of electrical and electronic equipment in the field aeronautics.
• Sealing of electric motors.
• Protection relay connections cables, battery terminals ...
• Lubrication small static systems.
Physical Properties:
• Color: translucent to whitish. (Slight variations in color may occur but do not affect the
final properties of the product.)
• Density at 25◦C : 1.0
• Maximum operating temperature continuously, ◦C : 200
• Low continuous use, ◦C : -40
Implementation:
It is recommended to apply RHODORSIL PASTE 4 on clean and dry surfaces
B.4 Epoxy resin, Dow (DER 330, DER 732, DEH 26)
D.E.H. 26
Description:
D.E.H. 26 Epoxy Curing Agent is a liquid aliphatic polyamine curing agent.
Introduction:
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• D.E.H. 26 Curing Agent is an economical aliphatic polyamine hardener, tetraethylene-
pentamine (TEPA), that offers a short pot-life and cures in minutes with standard
unmodified liquid epoxy resins. Similar to D.E.H. 24 Epoxy Curing Agent in application,
it provides lower vapor hazard to workers due to its higher boiling point.
• D.E.H. 26 Epoxy Curing Agent is used for maintenance paints, the manufacture of epoxy
amine adducts, in adhesives, and civil engineering applications. It is also used as an
accelerator for polyamide curing agents. In electrical applications, D.E.H. 26 Curing
Agent is used for casting, potting and encapsulation.
D.E.R. 330
Description:
D.E.R. 330 Liquid Epoxy Resin is a reaction product of epichlorohydrin and bisphenol A.
Introduction:
D.E.R. 330 Epoxy Resin is a liquid epoxy resin processed to provide low viscosity without the
use of diluents. The physical strength, toughness, excellent adhesion, chemical resistance and
low shrinkage properties have established liquid epoxy resins as major raw materials for high
quality solvent-free coatings, linings, industrial flooring, gro-uts and concrete reinforcements.
They have also found application in the fields of tooling, encapsulation, adhesives, filament
winding and laminates. D.E.R. 330 Resin can also serve as a basis for advanced polymers for a
variety of solvent-borne, water-borne and UV-curable resins. A wide variety of curing agents is
available to cure this liquid epoxy resin at ambient conditions. The most frequently used are
aliphatic polyamines, polyamides, and modified versions of these. If anhydride or catalytic
curing agents are employed, elevated temperatures cures are necessary and long post-cures
are required to develop full end properties.
D.E.R. 732
Description:
D.E.R. 732 Liquid Epoxy Resin is a reaction product of epichlorohydrin and polypropylene
glycol.
Introduction:
D.E.R. 732 Resin is a flexible, low viscosity, light color, epoxy resin for use in coatings and
adhesives. D.E.R. 732 Flexible Epoxy Resin, with conventional bisphenol A based epoxy resins,
it imparts flexibility, elongation and improves impact resistance. This resin serves also as a
viscosity reducer, or can serve as the basis for advanced polymers for a variety of water-borne
and solvent-borne coatings. Although many different commercial applications can benefit
from the improved flexibility and impact properties offered by this resin, it is particularly
beneficial in construction and civil engineering applications. In this context, the pot-life of
a formulation can be extended (reactivity reduced) by adding D.E.R. 732 Resin to aromatic
epoxy binder systems.
Typical Applications:
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This product is suitable for use in applications such as:
• Adhesives
• Casting and Tooling
• Civil Engineering
• Composites
• Marine and Protective coatings
• Potting and Encapsulation
B.5 Tape, Gyso V712
Product:
Adhesive tape based on butyl rubber with aluminum foil coated polyester, calendered.
Characteristic:
Strong adhesion to many substrates such as steel, aluminum, galvanized, synthetic materials,
wood and concrete. Resistant to heat, cold, and do not disintegrate, waterproof and vapor,
weather-resistant and UV. Very flexible, adapts well to support high tear strength, without
stretching, also at low temperature adhesive.
Areas of application:
Sealing and bonding vapor impermeable joints and fittings assemblies, particularly in building
cooling, ventilation, and air conditioning as well as tin work and the construction of facades.
Application:
The substrate must be smooth, firm, dry, free from dust, oil and grease. Eliminate any protru-
sion.
Technical data:
Base: aluminum sheet coated polyester
Adhesive: Butyl rubber
Thickness: 0.8 mm
Application temperature: 0◦C to +40◦C
Temperature resistance: −30◦C to +100◦C
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C Strength test values, measurements
and calculations for 4 mm thick speci-
mens
In the following all experimental results have been listed in tables. Machines used in testing
are referred:
1. UTS test system
2. Instron 5948 MicroTester
Specimen index cut-A.1.H indicates cut edge of supplier (A), specimen 1 tested at a high stress
rate H. (L indicates low stress rate)
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specimens
Table C.1: Cut edge of supplier (A). Tested at a high stress rate with a deformation control
0.133 mm/s, in 19.7◦C and 35 % relative humidity. Testing machine 1.
Specimen Flaw Failure Mirror Y(t) Y simple
depth stress radius calc calc.
[µm] [MPa] [mm]
cut-A.1.H 50 81.9 460 0.771 0.870
cut-A.2.H 70 86.2 650 0.633 0.699
cut-A.3.H 65 63.9 920 0.881 0.978
cut-A.4.H 25 71.0 610 1.205 1.419
cut-A.5.H 45 72.5 680 0.912 1.036
cut-A.6.H 50 81.1 670 0.779 0.879
cut-A.7.H 10 91.2 620 1.401 1.747
cut-A.8.H 60 69.6 410 0.838 0.935
cut-A.9.H 60 74.5 770 0.783 0.873
cut-A.10.H 25 87.9 730 0.973 1.146
cut-A.11.H 50 93.7 420 0.674 0.760
cut-A.12.H 10 92.4 450 1.382 1.724
cut-A.13.H 30 87.0 390 0.908 1.057
cut-A.14.H 50 91.9 380 0.687 0.775
cut-A.15.H 30 90.9 360 0.869 1.012
cut-A.16.H 30 106.1 400 0.745 0.867
cut-A.17.H 25 110.7 380 0.773 0.910
cut-A.18.H 55 87.6 340 0.692 0.776
cut-A.19.H 70 83.0 380 0.657 0.726
cut-A.20.H 50 57.8 420 1.093 1.233
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Table C.2: Cut edge of supplier (A). Tested at a low stress rate with a deformation control
0.0013 mm/s, in 19.7◦C and 35 % relative humidity. Testing machine 1.
Specimen Flaw Failure Mirror Y(t)
depth stress radius calc
[µm] [MPa] [mm]
cut-A.1.L 55 61.8 0.88 1.403
cut-A.2.L 40 75.6 0.53 1.318
cut-A.3.L 40 76.3 0.51 1.306
cut-A.4.L 40 75.4 0.49 1.322
cut-A.5.L 45 69.3 0.64 1.366
cut-A.6.L 70 61.4 0.7 1.271
cut-A.7.L 80 73.9 0.65 0.996
cut-A.8.L 40 81.5 0.51 1.223
cut-A.9.L 50 73.9 0.61 1.223
cut-A.10.L 65 63.9 0.65 1.261
cut-A.11.L 80 63.4 0.83 1.161
cut-A.12.L 25 81.7 0.46 1.498
cut-A.13.L 50 67.3 0.75 1.343
cut-A.14.L 45 77.7 0.72 1.218
cut-A.15.L 85 52.0 0.99 1.378
cut-A.16.L 80 58.3 1.1 1.262
cut-A.17.L 35 67.3 0.75 1.570
cut-A.18.L 60 68.3 0.57 1.222
cut-A.19.L 50 76.4 0.5 1.183
cut-A.20.L 65 66.7 0.67 1.208
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Table C.3: Cut edge of supplier (B). Tested at a high stress rate with a deformation control
0.133 mm/s, in 21.2◦C and 39 % relative humidity. Testing machine 1.
Specimen Flaw Mirror Failure Time to Stress Y(t) Y simple
depth radius stress failure rate calc calc.
[µm] [µm] [MPa] [s] [MPa/s]
cut-B.1.H 60 690 82.1 4.59 17.89 0.718 0.792
cut-B.2.H 65 680 68.4 4.25 16.09 0.832 0.914
cut-B.3.H 50 660 82.4 3.96 20.81 0.775 0.865
cut-B.4.H 95 930 69.9 3.60 19.42 0.690 0.740
cut-B.5.H 70 710 77.9 4.17 18.68 0.707 0.773
cut-B.6.H 65 870 70.1 4.21 16.65 0.812 0.892
cut-B.7.H 55 570 90.8 4.59 19.78 0.674 0.748
cut-B.8.H 50 470 94.5 4.39 21.53 0.675 0.754
cut-B.9.H 75 870 71.9 3.59 20.03 0.743 0.809
cut-B.10.H 50 650 78.3 4.47 17.52 0.815 0.910
cut-B.11.H 65 1100 63.6 3.99 15.94 0.895 0.983
cut-B.12.H 80 600 79.6 4.18 19.04 0.653 0.708
cut-B.13.H 70 1050 64.8 5.11 12.68 0.850 0.929
cut-B.14.H 60 790 74.5 4.28 17.41 0.791 0.873
cut-B.15.H 83 1020 64.4 3.76 17.13 0.794 0.859
cut-B.16.H 80 650 75.3 4.08 18.46 0.690 0.748
cut-B.17.H 75 710 77.9 4.21 18.5 0.686 0.747
cut-B.18.H 50 720 83 4.18 19.86 0.769 0.859
cut-B.19.H 90 1100 57.8 3.46 16.71 0.854 0.919
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Table C.4: Cut edge of supplier (B). Tested at a low stress rate with a deformation control
0.0013 mm/s, in 21.2◦C and 39 % relative humidity. Testing machine 1.
Specimen Flaw Mirror Failure Y(t)
depth radius stress calc
[µm] [µm] [MPa]
cut-B.1.L 50 1200 57.7 1.583
cut-B.2.L 100 1400 50.7 1.330
cut-B.3.L 85 1270 54.1 1.338
cut-B.4.L 140 1300 57.8 1.007
cut-B.5.L 80 1000 62.0 1.199
cut-B.6.L 100 1300 50.6 1.333
cut-B.7.L 75 1300 64.7 1.182
cut-B.8.L 85 920 59.8 1.211
cut-B.9.L 80 1400 46.5 1.599
cut-B.10.L 35 1350 52.2 2.045
cut-B.11.L 70 1400 51.5 1.531
cut-B.12.L 45 840 70.9 1.349
cut-B.13.L 55 1200 53.2 1.647
cut-B.14.L 85 1150 56.7 1.277
cut-B.15.L 50 1240 58.4 1.564
cut-B.16.L 53 1240 54.4 1.637
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Table C.5: Cut edge of supplier (C). Tested at a high stress rate with a deformation control
0.297 mm/s, in 22.6◦C and 41 % relative humidity. Testing machine 1. Where the description of
the failure location is indicated: SC = scoring edge, NSC = non-scoring edge, OLS = out of load
span.
Specimen Flaw Width Failure Description Y(t) Y simple Scoring Stress
depth [µm] stress calc calc. width rate
[µm] [MPa] [µm] [MPa/s]
cut-C.1.H 97 45 113.66 SC c 0.524 0.450 210 49.27
cut-C.2.H 90 385 63.80 NSC c 0.964 0.833 250 49.62
cut-C.3.H 95 20 108.84 SC c 0.552 0.475 250 49.82
cut-C.4.H 60 120 85.45 NSC c 0.860 0.761 n/a 49.53
cut-C.5.H 50 140 87.33 NSC c 0.911 0.816 n/a 48.59
cut-C.6.H n/a n/a 72.50 OLS n/a n/a n/a n/a 48.22
cut-C.7.H n/a n/a 78.29 OLS n/a n/a n/a n/a 50.61
cut-C.8.H 102 10 100.85 SC c 0.578 0.495 n/a 49.33
cut-C.9.H 30 550 75.23 SC c 1.322 1.223 256 49.48
cut-C.10.H n/a n/a 74.84 OLS n/a n/a n/a n/a 49.69
cut-C.11.H 65 40 105.32 SC c 0.674 0.593 215 50.34
cut-C.12.H 70 25 101.51 n/a c 0.677 0.593 n/a 48.29
cut-C.13.H n/a n/a 61.93 OLS n/a n/a n/a n/a 48.93
cut-C.14.H n/a n/a 55.09 OLS n/a n/a n/a n/a 47.94
cut-C.15.H n/a n/a 96.97 OLS n/a n/a n/a n/a 48.85
cut-C.16.H n/a n/a 116.42 SC c n/a n/a 240 49.52
cut-C.17.H 40 120 104.17 n/a n/a 0.842 0.765 n/a 50.15
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Table C.6: Cut edge of supplier (C). Tested at a low stress rate with a deformation control
0.012 mm/s, in 22.6◦C and 41 % relative humidity. Testing machine 1.
Specimen Failure Stress
stress rate
[MPa] [MPa/s]
cut-C.1.L 107.58 1.93
cut-C.2.L 82.58 1.96
cut-C.3.L 64.14 1.99
cut-C.4.L 93.45 2.03
cut-C.5.L 52.80 1.90
cut-C.6.L 70.56 1.95
cut-C.7.L 78.65 2.08
cut-C.8.L 84.39 1.98
cut-C.9.L 102.38 2.07
cut-C.10.L 75.63 2.01
cut-C.11.L 76.20 1.98
cut-C.12.L 77.31 1.99
cut-C.13.L 51.45 2.01
cut-C.14.L 81.64 n/a
cut-C.15.L 66.11 1.93
cut-C.16.L 94.13 2.00
cut-C.17.L 79.89 1.98
cut-C.18.L 78.08 2.06
cut-C.19.L 56.84 1.94
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Table C.7: Cut edge of supplier (D). Tested at a high stress rate with a deformation control
0.3 mm/s, in 22.6◦C and 41 % relative humidity. Testing machine 1.Where the description of the
failure location is indicated: SC = scoring edge, NSC = non-scoring edge, OLS = out of load span.
Specimen Flaw Width Failure Description Y(t) Y simple Scoring Stress
depth [µm] stress calc calc. width rate
[µm] [MPa] [µm] [MPa/s]
cut-D.1.H 40 50 68.06 NSC c 1.086 0.983 n/a 51.94
cut-D.2.H 65 70 80.91 SC c 0.739 0.649 255 51.03
cut-D.3.H n/a n/a 66.43 OLS n/a n/a n/a n/a n/a
cut-D.4.H 60 160 75.20 SC 2c 0.980 0.865 n/a 52.49
cut-D.5.H n/a n/a 78.91 OLS n/a n/a n/a n/a n/a
cut-D.6.H 98 43 86.76 SC c 0.685 0.587 n/a 52.69
cut-D.7.H 35 52 104.23 SC c 0.895 0.817 180 54.00
cut-D.8.H 130 48 107.12 SC c 0.490 0.413 250 52.78
cut-D.9.H 40 13 83.57 SC c 1.053 0.953 250 53.37
cut-D.10.H 20 33 83.98 SC c 1.419 1.342 195 53.90
cut-D.11.H n/a n/a 97.06 OLS n/a n/a n/a n/a 51.85
cut-D.12.H n/a n/a 89.83 OLS n/a n/a n/a n/a 52.24
cut-D.13.H 40 95 89.80 SC c 0.980 0.887 215 54.50
cut-D.14.H n/a n/a 96.69 OLS n/a n/a n/a n/a 54.05
cut-D.15.H 45 85 102.69 n/a c 0.814 0.731 n/a 53.41
cut-D.16.H 50 250 85.93 SC 2c 0.928 0.829 250 52.80
cut-D.17.H 45 120 102.14 SC c 0.818 0.735 240 56.28
cut-D.18.H 110 45 62.99 SC c 0.897 0.763 345 51.35
cut-D.19.H 50 110 102.51 SC c 0.778 0.695 195 54.65
cutD.20.H 45 300 101.17 SC c 0.826 0.742 235 55.13
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Table C.8: Cut edge of supplier (D). Tested at a low stress rate with a deformation control
0.0.012 mm/s, in 22.6◦C and 41 % relative humidity. Testing machine 1.
Specimen Failure Stress
stress rate
[MPa] [MPa/s]
cut-D.1.L 69.25 2.046
cut-D.2.L 78.84 2.074
cut-D.3.L 70.85 2.121
cut-D.4.L 73.11 2.089
cut-D.5.L 61.34 2.017
cut-D.6.L 78.38 2.074
cut-D.7.L 76.64 2.134
cut-D.8.L 51.16 2.003
cut-D.9.L 94.71 2.131
cut-D.10.L 67.38 2.18
cut-D.11.L 88.67 2.037
cut-D.12.L 56.86 n/a
cut-D.13.L 61.97 2.014
cut-D.14.L 78.55 2.093
cut-D.15.L 82.97 2.148
cut-D.16.L 82.47 2.07
cut-D.17.L 74.54 2.09
cut-D.18.L 81.7 1.896
cut-D.19.L 85.98 2.081
cutD.20.L 64.97 1.956
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Table C.9: Arrised edge of supplier (D). Tested at a high stress rate with a deformation control
0.297 mm/s, in 22.6)◦C and 41 % relative humidity. Testing machine 1. Description of the failure
location includes: BE= bottom edge, IS= inclined surface.
Specimen Flaw Width Failure Description Y(t) Y simple Stress
depth [µm] stress calc calc. rate
[µm] [MPa] [MPa/s]
arr-D.1.H 90 120 79.73 BE 2c 0.774 0.666 48.48
arr-D.2.H 50 100 78.79 IS 2c 1.013 0.904 45.03
arr-D.3.H 30 100 86.74 IS 2c 1.15 1.061 50.04
arr-D.4.H 50 100 79.97 IS 2c 0.998 0.891 49.39
arr-D.5.H 45 120 78.83 IS 2c 1.06 0.953 50.37
arr-D.6.H 50 105 85.60 IS 2c 0.932 0.832 48.52
arr-D.7.H 50 130 80.48 IS 2c 0.991 0.885 48.10
arr-D.8.H 50 85 88.28 IS 2c 0.904 0.807 49.48
arr-D.9.H 70 170 78.31 IS 2c 0.879 0.769 49.04
arr-D.10.H 60 140 81.09 IS 2c 0.908 0.802 49.04
arr-D.11.H 55 155 79.53 IS 2c 0.962 0.854 54.34
arr-D.12.H 50 100 81.50 BE 2c 0.979 0.874 51.00
arr-D.13.H 55 130 77.26 IS 2c 0.99 0.879 49.76
arr-D.14.H 65 230 63.57 IS 2c 1.119 0.983 48.05
arr-D.15.H 48 150 75.88 IS 2c 1.07 0.958 48.65
arr-D.16.H 45 105 79.48 IS 2c 1.051 0.945 50.17
arr-D.17.H 55 135 74.28 IS 2c 1.03 0.915 49.06
arr-D.18.H 40 105 85.09 IS 2c 1.034 0.936 50.77
arr-D.19.H 40 145 74.25 IS 2c 1.185 1.073 46.75
arr-D.20.H 40 85 79.06 IS 2c 1.113 1.008 49.47
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Table C.10: Arrised edge of supplier (D). Tested at a low stress rate with a deformation control
0.012 mm/s, in 22.6◦C and 41 % relative humidity. Testing machine 1.
Specimen Failure Stress
stress rate
[MPa] [MPa/s]
arr-D.1.L 72.9 1.95
arr-D.2.L 77.88 1.94
arr-D.3.L 63.74 1.68
arr-D.4.L 70.77 1.95
arr-D.5.L 70.66 2.01
arr-D.6.L 59.26 1.92
arr-D.7.L 65.29 1.99
arr-D.8.L 64.16 1.95
arr-D.9.L 73.89 1.96
arr-D.10.L 63.34 2.02
arr-D.11.L 65.07 n/a
arr-D.12.L 63.43 1.99
arr-D.13.L 68.9 1.94
arr-D.14.L 69.58 2.05
arr-D.15.L 66.83 1.88
arr-D.16.L 69.66 1.98
arr-D.17.L 65.41 2.03
arr-D.18.L 75.32 2.00
arr-D.19.L 70.32 1.96
arr-D.20.L 60.21 1.88
arr-D.21.L 67.33 2.01
arr-D.22.L 64.92 2.01
arr-D.23.L 75.89 1.86
arr-D.24.L 42.46 n/a
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Table C.11: Arrised edge of supplier (E). Tested at a high stress rate with a force control in testing
machine 2. Failure initiation location is indicated: ES = edge surface, IS= inclined surface
Specimen Flaw Width Failure Description Y(t) Y simple Stress
depth [µm] stress calc calc. rate
[µm] [MPa] [MPa/s]
arr-E.1.H 100 200 61.42 ES 2c 0.966 0.820 48.71
arr-E.2.H 110 270 56.24 ES 2c 1.011 0.854 47.65
arr-E.3.H 160 270 60.49 ES 2c 0.798 0.659 49.54
arr-E.4.H 30 105 101.01 IS 2c 0.994 0.911 48.65
arr-E.5.H 70 250 64.33 ES 2c 1.078 0.936 48.9
arr-E.6.H 120 218 62.83 ES 2c 0.872 0.732 50.69
arr-E.7.H 95 167 63.90 ES 2c 0.949 0.809 49.94
arr-E.8.H 30 75 85.83 ES 2c 1.170 1.072 49.7
arr-E.9.H 80 170 61.21 ES 2c 1.068 0.920 48.52
arr-E.10.H 40 80 91.75 IS 2c 0.965 0.868 49.24
arr-E.11.H 70 180 68.65 ES 2c 1.010 0.877 48.43
arr-E.12.H 40 134 82.18 ES 2c 1.078 0.969 49.48
arr-E.13.H 40 95 96.12 IS 2c 0.921 0.829 49.72
arr-E.14.H 48 120 92.07 ES 2c 0.888 0.790 49.97
arr-E.15.H 110 150 64.68 ES 2c 0.879 0.743 49.24
arr-E.16.H 30 85 95.90 IS 2c 1.047 0.959 50.16
arr-E.17.H 100 215 66.47 ES 2c 0.892 0.758 51.19
arr-E.18.H 90 185 61.52 ES 2c 1.009 0.863 50.61
arr-E.19.H 63 174 51.39 IS 2c 1.413 1.235 50.07
arr-E.20.H 102 178 60.52 ES 2c 0.972 0.824 49.88
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Table C.12: Arrised edge of supplier (E). Tested at a low stress rate with a force control in testing
machine 2.
Specimen Failure Stress
stress rate
[MPa] [MPa/s]
arr-E.1.L 71.63 2.01
arr-E.2.L 52.09 1.95
arr-E.3.L 82.28 1.98
arr-E.4.L 52.73 2.02
arr-E.5.L 54.58 2.04
arr-E.6.L 77.54 2.01
arr-E.7.L 56.05 2.01
arr-E.8.L 77.75 2.03
arr-E.9.L 75.15 2.04
arr-E.10.L 71.67 1.97
arr-E.11.L 51.85 2.00
arr-E.12.L 79.18 1.99
arr-E.13.L 51.62 1.95
arr-E.14.L 81.78 2.00
arr-E.15.L 64.14 1.99
arr-E.16.L 60.38 2.00
arr-E.17.L 48.68 2.01
arr-E.18.L 72.58 2.04
arr-E.19.L 67.92 1.98
arr-E.20.L 55.41 1.97
arr-E.21.L 63.21 1.94
arr-E.22.L 54.54 1.98
arr-E.23.L 68.53 1.99
arr-E.24.L 54.23 1.98
arr-E.25.L 46.24 1.99
arr-E.26.L 49.91 1.96
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Table C.13: Ground edge of supplier (C). Tested at a high stress rate with a deformation control
0.297 mm/s, in 21.7◦C and 34 % relative humidity. Testing machine 1. The failure initiation
location is indicated: ES= edge surface, IS= inclined surface.
Specimen Flaw Width Failure Description Y(t) Y simple Stress
depth [µm] stress calc calc. rate
[µm] [MPa] [MPa/s]
gro-C.1.H 20 105 102.86 ES 2c 1.147 1.095 49.84
gro-C.2.H 20 52 101.06 ES 2c 1.168 1.115 54.99
gro-C.3.H 30 50 101.77 ES 2c 0.971 0.904 52.04
gro-C.4.H 32 84 101.15 IS 2c 0.950 0.881 55.70
gro-C.5.H 65 100 94.21 IS 2c 0.748 0.663 58.34
gro-C.6.H 35 130 73.74 IS n/a 1.253 1.155 n/a
gro-C.7.H 25 66 84.98 IS 2c 1.260 1.186 46.02
gro-C.8.H n/a n/a 99.53 n/a n/a n/a n/a 47.14
gro-C.9.H 20 67 100.74 ES 2c 1.171 1.118 47.74
gro-C.10.H 33 91 96.42 IS 2c 0.983 0.910 47.60
gro-C.11.H 25 70 91.3 IS n/a 1.172 1.104 46.64
gro-C.12.H 40 83 91.14 ES 2c 0.956 0.874 50.02
gro-C.13.H 30 120 107.73 IS 2c 0.917 0.854 49.88
gro-C.14.H 37 83 79.31 IS 2c 1.137 1.044 47.64
gro-C.15.H 40 55 84.25 IS 2c 1.034 0.946 50.55
gro-C.16.H 30 80 106.28 ES 2c 0.930 0.866 50.39
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Table C.14: Ground edge of supplier (C). Tested at a high stress rate with a deformation control
0.012 mm/s, in 21.7◦C and 34 % relative humidity. Testing machine 1.
Specimen Failure Stress
stress rate
[MPa] [MPa/s]
gro-C.1.L 89.03 1.93
gro-C.2.L 90.61 1.97
gro-C.3.L 90.18 2.05
gro-C.4.L 75.06 1.96
gro-C.5.L 89.18 2.02
gro-C.6.L 82.72 1.97
gro-C.7.L 86.80 2.08
gro-C.8.L 77.31 1.97
gro-C.9.L 68.78 2.13
gro-C.10.L 72.62 1.99
gro-C.11.L 92.82 2.01
gro-C.12.L 89.44 1.98
gro-C.13.L 82.55 2.00
gro-C.14.L 82.00 1.98
gro-C.15.L 59.74 1.94
gro-C.16.L 88.15 2.06
gro-C.17.L 68.69 1.99
gro-C.18.L 73.64 2.00
gro-C.19.L 83.27 2.01
gro-C.20.L 93.02 2.04
gro-C.21.L 76.80 2.04
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Table C.15: Ground edge of supplier (E). Tested at a high stress rate with a force control in testing
machine 2. The failure initiation location is described: BE= bottom edge, ES= edge surfae.
Specimen Flaw Width Failure Description Y(t) Y simple Stress
depth [µm] stress calc calc. rate
[µm] [MPa] [MPa/s]
gro-E.1.H 90 125 60.32 BE 2c 1.030 0.881 50.04
gro-E.2.H 77 160 62.35 ES 2c 1.066 0.921 48.26
gro-E.3.H 115 510 59.65 ES 2c 0.935 0.788 n/a
gro-E.4.H 65 120 52.99 ES 2c 1.351 1.179 54.79
gro-E.5.H n/a n/a 87.79 n/a n/a n/a n/a n/a
gro-E.6.H 91 180 65.43 ES 2c 0.945 0.807 51.76
gro-E.7.H 101 145 58.98 ES 2c 1.001 0.850 48.72
gro-E.8.H 76 120 98.86 BE 2c 0.676 0.585 49.20
gro-E.9.H 55 117 63.74 ES 2c 1.209 1.066 50.23
gro-E.10.H 30 150 102.59 ES 2c 0.979 0.897 48.51
gro-E.11.H 95 150 64.67 ES 2c 0.938 0.799 48.75
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Table C.16: Ground edge of supplier (E). Tested at a low stress rate with a force control in testing
machine 2.
Specimen Failure Stress
stress rate
[MPa] [MPa/s]
gro-E.1.L 55.07 1.97
gro-E.2.L 81.01 1.97
gro-E.3.L 101.58 2.00
gro-E.4.L 54.70 2.02
gro-E.5.L 78.83 1.97
gro-E.6.L 79.53 2.00
gro-E.7.L 55.10 1.98
gro-E.8.L 55.59 1.99
gro-E.9.L 53.92 1.93
gro-E.10.L 86.14 1.99
gro-E.11.L 47.97 1.97
gro-E.12.L 78.73 1.98
gro-E.13.L 56.76 1.99
gro-E.14.L 79.40 2.03
gro-E.15.L 57.54 2.03
gro-E.16.L 59.79 2.00
gro-E.17.L 82.74 2.03
gro-E.18.L 57.94 1.43
gro-E.19.L 70.28 1.99
gro-E.20.L 51.56 1.97
gro-E.21.L 67.16 1.96
gro-E.22.L 59.89 1.99
gro-E.23.L 79.11 2.00
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Table C.17: Ground edge of supplier (F). Tested at a high stress rate with a deformation control.
Testing machine 1. The failure location is described as: IS= inclined surface, BE = bottom edge,
ES = edge surface.
Specimen Flaw Width Failure Description Y(t) Y simple Stress
depth [µm] stress calc calc. rate
[µm] [MPa] [MPa/s]
gro-F.1.H 50 90 92.84 IS 2c 0.853 0.768 47.44
gro-F.2.H 20 65 95.49 IS 2c 1.238 1.18 48.37
gro-F.3.H 20 90 95.84 IS 2c 1.233 1.176 49.89
gro-F.4.H 27 80 101.98 IS 2c 1.016 0.951 48.09
gro-F.5.H 30 60 89.01 IS n/a 1.112 1.034 48.55
gro-F.6.H 20 60 96.39 IS 2c 1.226 1.169 48.04
gro-F.7.H 35 95 109.59 IS 2c 0.844 0.777 48.41
gro-F.8.H 23 85 114.90 BE 2c 0.861 0.801 48.38
gro-F.9.H n/a n/a 102.54 BE 2c 1.084 1.025 50.76
gro-F.10.H n/a n/a 67.87 ES 2c 1.077 0.958 49.54
gro-F.11.H 43 85 65.90 ES 2c 1.283 1.166 48.54
gro-F.12.H 30 100 97.59 IS 2c 1.014 0.943 48.42
gro-F.13.H 25 100 99.49 IS 2c 1.077 1.013 48.34
gro-F.14.H 25 100 102.23 IS 2c 1.049 0.986 48.16
gro-F.15.H 33 60 94.41 IS 2c 1.005 0.929 48.48
gro-F.16.H 50 160 81.75 IS 2c 0.471 0.872 47.74
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Table C.18: Ground edge of supplier (F). Tested at a low stress rate with a deformation control.
Testing machine 1.
Specimen Failure Stress
stress rate
[MPa] [MPa/s]
gro-F.1.L 82.20 1.96
gro-F.2.L 80.41 2.02
gro-F.3.L 83.66 2.03
gro-F.4.L 80.15 1.96
gro-F.5.L 94.69 2.08
gro-F.6.L 81.58 2.01
gro-F.7.L 55.54 2.25
gro-F.8.L 80.81 2.00
gro-F.9.L 80.50 1.97
gro-F.10.L 82.61 2.04
gro-F.11.L 50.94 1.93
gro-F.12.L 85.47 2.01
gro-F.13.L 78.72 1.95
gro-F.14.L 77.30 2.02
gro-F.15.L 85.32 1.93
gro-F.16.L 75.15 1.94
gro-F.17.L 73.94 1.94
gro-F.18.L 83.62 1.92
gro-F.19.L 70.81 2.07
gro-F.20.L 79.43 1.95
gro-F.21.L 78.04 2.02
gro-F.22.L 66.89 2.01
gro-F.23.L 90.66 2.07
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Table C.19: Water-cut edge of supplier (G). Tested at a high stress rate with a deformation control
0.133 mm/s, in 17.6◦C and 32 % relative humidity. Testing machine 1.
Specimen Flaw Width Failure Description Y(t) Y simple
depth [µm] stress calc calc.
[µm] [MPa]
wat-G.1.H 140 200 49.6 n/a 2c 1.002 0.859
wat-G.2.H 80 200 47.0 n/a 2c 1.351 1.199
wat-G.3.H 180 550 48.3 n/a 2c 0.922 0.778
wat-G.4.H 290 280 50.0 n/a c 0.723 0.592
wat-G.5.H 200 405 43.5 n/a 2c 0.978 0.819
wat-G.6.H 150 210 51.3 n/a 2c 0.94 0.802
wat-G.7.H 204 230 48.4 n/a 2c 0.871 0.729
wat-G.8.H 180 170 48.6 n/a 2c 0.916 0.773
wat-G.9.H 140 290 54.3 n/a 2c 0.915 0.784
wat-G.10.H 90 270 53.6 n/a 2c 1.125 0.991
wat-G.11.H 210 400 47.6 n/a 2c 0.875 0.73
wat-G.12.H 285 240 46.6 corner c 0.782 0.64
wat-G.13.H 125 245 47.0 surface 2c 1.111 0.959
wat-G.14.H 202 240 53.9 surface 2c 0.786 0.658
wat-G.15.H n/a n/a 49.3 n/a n/a n/a n/a
wat-G.16.H 195 280 51.1 surface 2c 0.842 0.706
wat-G.17.H 85 160 54.2 n/a 2c 1.141 1.008
wat-G.18.H 135 270 46.5 n/a 2c 1.086 0.933
wat-G.19.H n/a n/a 44.9 n/a n/a n/a n/a
wat-G.20.H n/a n/a 49.7 n/a n/a n/a n/a
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Table C.20: Water-cut edge of supplier (G). Tested at a high stress rate with a deformation control
0.0013 mm/s, in 17.6◦C and 32 % relative humidity. Testing machine 1.
Specimen Failure Stress
stress rate
[MPa] [MPa/s]
wat-G.1.L 35.9 0.147
wat-G.2.L 39.3 0.154
wat-G.3.L 35.5 0.142
wat-G.4.L 33.1 0.144
wat-G.5.L 29.6 0.139
wat-G.6.L 35.4 0.159
wat-G.7.L 39.7 0.158
wat-G.8.L 34.1 0.153
wat-G.9.L 38.2 0.161
wat-G.10.L 34.9 0.163
wat-G.11.L 36.6 0.161
wat-G.12.L 37.4 0.165
wat-G.13.L 37.8 0.166
wat-G.14.L 37.3 0.171
wat-G.15.L 34.8 0.151
wat-G.16.L 38.6 0.158
wat-G.17.L 33.5 0.152
wat-G.18.L 36.0 0.157
wat-G.19.L 36.9 0.148
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Table C.21: Polished edge of supplier (A). Tested at a high stress rate with a deformation control
0.133 mm/s, in 23◦C and 69 % relative humidity. Testing machine 1.
Specimen Flaw Width Failure Mirror Y(t) Y Y Time to Stress
depth [µm] stress radius calc simple estim. failure rate
[µm] [MPa] [mm] calc [s] [MPa/s]
pol-A.1.H 50 250 74.9 0.8 0.862 0.951 0.722 3.6 20.8
pol-A.2.H 20 n/a 84.29 0.55 1.143 1.337 1.12 4.3 19.6
pol-A.3.H 20 n/a 67.5 1.2 1.428 1.669 1.12 3.5 19.3
pol-A.4.H 20 n/a 90.61 0.6 1.064 1.243 1.12 4.6 19.7
pol-A.5.H 20 n/a 79.97 0.65 1.205 1.409 1.12 4 20.0
pol-A.6.H 40 n/a 57.48 1 1.238 1.386 1.12 3.1 18.5
pol-A.7.H 50 60 78.43 0.7 0.823 0.909 0.713 4 19.6
pol-A.8.H 60 700 63.45 1 0.939 1.025 1.12 3.2 19.8
pol-A.9.H 40 170 73.33 0.9 0.970 1.086 1.12 3.5 21.0
pol-A.10.H 35 50 65.4 1.1 1.154 1.302 1.12 3.4 19.2
pol-A.11.H 65 170 77.42 0.75 0.743 0.807 0.722 3.7 20.9
pol-A.12.H 40 n/a 85.78 0.6 0.830 0.929 0.713 4 21.4
pol-A.13.H 20 n/a 82.16 0.5 1.173 1.371 1.12 4.2 19.6
pol-A.14.H 20 n/a 84.78 0.65 1.137 1.329 1.12 4.1 20.7
pol-A.15.H 70 210 54.76 1.2 1.017 1.100 0.722 2.3 23.8
pol-A.16.H 50 n/a 61.15 1 1.055 1.165 1.12 2.8 21.8
pol-A.17.H 50 n/a 83.3 0.6 0.775 0.855 1.12 4 20.8
pol-A.18.H 35 n/a 72.35 0.75 1.043 1.177 1.12 3 24.1
pol-A.19.H 50 30 85.74 0.6 0.753 0.831 0.713 4.3 19.9
pol-A.20.H 25 65 81.55 0.55 1.072 1.236 0.713 3.7 22.0
pol-A.21.H 40 60 76.57 0.8 0.929 1.041 0.713 3.6 21.3
pol-A.22.H 20 n/a 52.11 1.5 1.850 2.162 1.12 3 17.4
pol-A.23.H 60 80 79.2 0.7 0.752 0.821 0.713 3.8 20.8
pol-A.24.H 20 n/a 69.39 0.95 1.389 1.624 1.12 3.5 19.8
pol-A.25.H 20 n/a 78.15 0.9 1.233 1.442 0.999 3.7 21.1
pol-A.26.H 20 n/a 70.83 0.65 1.361 1.591 0.999 3.9 18.2
pol-A.27.H 20 n/a 64.49 1.2 1.494 1.747 0.999 3.2 20.2
pol-A.28.H 20 n/a 56.94 1.5 1.692 1.979 0.999 2.9 19.6
pol-A.29.H 100 300 40.11 0.6 1.188 1.256 1.12 1.5 26.7
pol-A.30.H 30 100 74.83 0.8 1.079 1.229 0.713 3.7 20.2
pol-A.31.H 30 95 59.2 0.8 1.363 1.554 0.713 3 19.7
pol-A.32.H 20 n/a 57.67 1.2 1.671 1.954 0.713 2.4 24.0
pol-A.33.H 20 100 65.59 0.8 1.469 1.718 1.12 3.3 19.9
pol-A.34.H 20 n/a 87.06 0.45 1.107 1.294 0.999 4.5 19.3
pol-A.35.H 20 n/a 54.47 1.2 1.769 2.068 1.12 2.5 21.8
pol-A.36.H 20 n/a 71.23 0.9 1.353 1.582 1.12 3.7 19.3
pol-A.37.H 20 n/a 68.64 0.9 1.404 1.641 0.999 3.5 19.6
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Table C.22: Polished edge of supplier (A). Tested at a low stress rate with a deformation control
0.0013 mm/s, in 23◦C and 69 % relative humidity. Testing machine 1.
Specimen Flaw Width Failure Mirror Y(t) Y Time to Stress
depth [µm] stress radius calc estim. failure rate
[µm] [MPa] [mm] [s] [MPa/s]
pol-A.1.L 35 n/a 59.28 1.1 1.821 0.999 367 0.16
pol-A.2.L 35 n/a 53.87 1.3 2.004 1.12 309.8 0.17
pol-A.3.L 30 n/a 50.35 1.5 2.294 1.12 298.2 0.17
pol-A.4.L 40 n/a 48.58 1.4 2.096 1.12 293.3 0.17
pol-A.5.L 50 n/a 44.36 1.5 2.082 1.12 245.7 0.18
pol-A.6.L 35 n/a 57.99 1 1.862 1.12 356.9 0.16
pol-A.7.L 60 n/a 55.2 1.2 1.545 0.999 373.6 0.15
pol-A.8.L 60 n/a 31.71 3 2.689 1.12 215.1 0.15
pol-A.9.L 50 n/a 50.92 1.6 1.814 0.999 348.6 0.15
pol-A.10.L 70 n/a 50.51 1.2 1.578 0.999 313.2 0.16
pol-A.11.L 45 n/a 57.51 1.2 1.682 0.999 343.1 0.17
pol-A.12.L 60 n/a 38.56 3 2.212 1.12 247.2 0.16
pol-A.13.L 30 n/a 48.41 3 2.386 1.12 309.3 0.16
pol-A.14.L 45 n/a 58.55 1.3 1.652 1.12 459.8 0.13
pol-A.15.L 50 n/a 51.32 1.3 1.800 1.12 403.5 0.13
pol-A.16.L 20 n/a 62.96 1.2 2.190 0.999 461.1 0.14
pol-A.17.L 30 n/a 49.72 1.5 2.323 1.12 337.4 0.15
pol-A.18.L 30 n/a 50.87 1.4 2.270 1.12 358.4 0.14
pol-A.19.L 30 n/a 64.27 0.9 1.797 1.12 459.6 0.14
pol-A.20.L 50 200 62.98 0.95 1.467 0.722 436.7 0.14
pol-A.21.L 10 n/a 58.87 0.4 3.172 0.999 423 0.14
pol-A.22.L 20 n/a 55.55 0.75 2.482 1.12 409.5 0.14
pol-A.23.L 20 n/a 57.74 1.1 2.388 1.12 403.5 0.14
pol-A.24.L 30 n/a 64.38 0.9 1.794 1.12 521.3 0.12
pol-A.25.L 50 n/a 49.59 1.4 1.863 1.12 374.9 0.13
pol-A.26.L 50 n/a 47.38 1.4 1.949 1.12 349.4 0.14
pol-A.27.L 60 n/a 54.71 1.2 1.559 0.999 372.7 0.15
pol-A.28.L 60 n/a 45.73 1.5 1.865 1.12 352.7 0.13
pol-A.29.L 20 n/a 64.55 1.2 2.136 0.999 458.5 0.14
pol-A.30.L 20 n/a 67.13 1 2.054 0.999 438 0.15
pol-A.31.L 20 n/a 50.1 1.2 2.753 0.999 321.7 0.16
pol-A.32.L 20 n/a 62.19 1.2 2.217 0.999 384 0.16
pol-A.33.L 20 n/a 61.28 0.9 2.250 0.999 430.5 0.14
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Appendix C. Strength test values, measurements and calculations for 4 mm thick
specimens
Table C.23: Polished edge of supplier (B). Tested at a high stress rate with a deformation control
0.133 mm/s, in 21.2◦C and 39 % relative humidity. Testing machine 1.
Specimen Flaw Mirror Failure Y Y(t) Y
depth radius stress estim. calc simple
[µm] [µm] [MPa] calc.
pol-B.1.H 20 350 141.8 0.564 0.650 0.795
pol-B.2.H 20 200 169 0.564 0.545 0.667
pol-B.3.H 20 200 158.6 0.564 0.581 0.710
pol-B.4.H 17 170 169.1 0.564 0.585 0.723
pol-B.5.H 20 200 147.2 0.564 0.626 0.765
pol-B.6.H 20 250 158.1 0.564 0.583 0.713
pol-B.7.H 20 180 156 0.564 0.590 0.722
pol-B.8.H 70 500 119.3 0.564 0.446 0.505
pol-B.9.H 60 750 102 0.564 0.558 0.638
pol-B.10.H 20 310 121.6 0.564 0.757 0.927
pol-B.11.H 20 190 160.4 0.564 0.574 0.702
pol-B.12.H 25 150 156.4 0.564 0.534 0.644
pol-B.13.H 15 160 181.5 0.564 0.575 0.717
pol-B.14.H 25 160 165.8 0.564 0.504 0.608
pol-B.15.H 28 320 131.7 0.564 0.604 0.723
pol-B.16.H 30 300 147.9 0.564 0.521 0.622
pol-B.17.H 25 180 145.7 0.564 0.573 0.692
pol-B.18.H 20 170 167.5 0.564 0.550 0.673
pol-B.19.H 25 190 167.6 0.564 0.498 0.601
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Table C.24: Polished edge of supplier (B). Tested at a low stress rate with a deformation control
0.0013 mm/s, in 21.2◦C and 39 % relative humidity. Testing machine 1.
Specimen Flaw Mirror Failure Y
depth radius stress calc
[µm] [mm] [MPa]
pol-B.1.L 55 1.2 67.0 1.264
pol-B.2.L 100 0.63 93.8 0.695
pol-B.3.L 35 0.4 114.7 0.899
pol-B.4.L 30 0.3 125.7 0.878
pol-B.5.L 40 0.62 96.2 1.012
pol-B.6.L 15 0.37 117.6 1.271
pol-B.7.L 20 0.36 108.4 1.216
pol-B.8.L 22 0.4 103.1 1.226
pol-B.9.L 20 0.38 121.8 1.082
pol-B.10.L 44 0.55 101.1 0.923
pol-B.11.L 25 0.47 106.3 1.124
pol-B.12.L 20 0.35 126.4 1.043
pol-B.13.L 25 0.24 122.3 0.977
pol-B.14.L 30 0.39 115.6 0.955
pol-B.15.L 35 0.49 100.2 1.030
pol-B.16.L 15 0.38 117.0 1.277
pol-B.17.L 30 n/a 100.8 1.095
pol-B.18.L 23 0.3 128.6 0.964
pol-B.19.L 45 0.65 105.4 0.877
pol-B.20.L 35 0.7 84 1.228
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D Strength test values, measurements
and calculations for 8 mm thick speci-
mens
In the following all experimental results have been listed in tables. Machines used in testing
are referred:
1. UTS test system
2. Instron 5948 MicroTester
Specimen index cut-A.1.H indicates cut edge of supplier (A), specimen 1 tested at a high stress
rate H. (L indicates low stress rate)
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Appendix D. Strength test values, measurements and calculations for 8 mm thick
specimens
Table D.1: Cut edge of supplier (C). Tested at a high stress rate with a deformation control
0.19 mm/s, in 21.7◦C and 34 % relative humidity. Testing machine 1.
Specimen Height Thickness W Force [N] stress [MPa]
cut-C.1.H:8mm 12.27 7.76 194.72 675.4 52.03
cut-C.2.H:8mm 12.19 7.76 192.08 718.8 56.13
cut-C.3.H:8mm 11.65 7.90 178.70 594.9 49.94
cut-C.4.H:8mm 11.66 7.84 177.65 634.3 53.56
cut-C.5.H:8mm 11.99 7.75 185.59 664.1 53.68
cut-C.6.H:8mm 12.18 7.76 191.76 666.5 52.13
cut-C.7.H:8mm 11.96 7.90 188.44 670.5 53.37
cut-C.8.H:8mm 12.23 7.80 194.55 661.7 51.02
cut-C.9.H:8mm 12.07 7.76 188.42 700.3 55.75
cut-C.10.H:8mm 12.10 7.87 192.04 608.5 47.53
cut-C.11.H:8mm 11.85 7.83 183.25 579.6 47.44
cut-C.12.H:8mm 12.04 7.77 187.73 668.9 53.45
cut-C.13.H:8mm 11.91 7.84 185.45 569.1 46.03
cut-C.14.H:8mm 12.08 7.82 190.30 634.3 50.00
cut-C.15.H:8mm 12.05 7.98 193.23 827.5 64.24
cut-C.16.H:8mm 11.56 7.92 176.50 656.8 55.82
cut-C.17.H:8mm 12.04 7.90 190.87 705.1 55.41
cut-C.18.H:8mm 12.00 7.90 189.60 594 46.99
cut-C.19.H:8mm 12.09 7.79 189.78 648.8 51.28
cut-C.20.H:8mm 11.86 7.84 183.69 789.6 64.48
cut-C.21.H:8mm 12.12 7.82 191.45 n/a n/a
cut-C.22.H:8mm 12.11 7.88 192.60 n/a n/a
cut-C.23.H:8mm 11.95 7.95 189.32 n/a n/a
cut-C.24.H:8mm 12.20 7.78 193.00 n/a n/a
cut-C.25.H:8mm 11.92 7.88 186.50 n/a n/a
cut-C.26.H:8mm 11.89 7.85 184.96 n/a n/a
160
Table D.2: Cut edge of supplier (D). Tested at a high stress rate with a deformation control
0.19 mm/s, in 22.4◦C and 44 % relative humidity. Testing machine 1.
Specimen Height Thickness W Force [N] stress [MPa]
cut-D.1.H:8mm 12.03 7.70 185.62 1064.20 86.00
cut-D.2.H:8mm 11.95 7.80 185.64 1046.50 84.56
cut-D.3.H:8mm 12.40 7.80 200.00 710.80 53.31
cut-D.4.H:8mm 12.06 7.80 188.97 1140.70 90.55
cut-D.5.H:8mm 12.24 7.78 194.26 976.50 75.40
cut-D.6.H:8mm 12.45 7.74 199.95 1139.90 85.51
cut-D.7.H:8mm 12.39 7.76 198.65 n/a n/a
cut-D.8.H:8mm 12.35 7.81 198.43 1055.30 79.78
cut-D.9.H:8mm 12.23 7.81 194.59 842.80 64.97
cut-D.10.H:8mm 12.54 7.72 202.44 n/a n/a
cut-D.11.H:8mm 12.37 7.77 198.05 979.70 74.20
cut-D.12.H:8mm 12.35 7.70 195.63 1007.10 77.22
cut-D.13.H:8mm 12.31 7.80 196.89 n/a n/a
cut-D.14.H:8mm 12.21 7.82 194.20 1147.90 88.66
cut-D.15.H:8mm 12.30 7.70 194.16 974.00 75.25
cut-D.16.H:8mm 12.43 7.68 197.87 1188.20 90.07
cut-D.17.H:8mm 12.40 7.80 199.78 1090.00 81.84
cut-D.18.H:8mm 12.15 7.81 192.26 959.60 74.87
cut-D.19.H:8mm 12.08 7.79 189.36 1212.30 96.03
cut-D.20.H:8mm 12.33 7.81 197.78 n/a n/a
cut-D.21.H:8mm 11.99 7.68 183.91 871.80 71.11
cut-D.22.H:8mm 12.44 7.70 198.60 742.20 56.06
cut-D.23.H:8mm 11.95 7.83 186.36 1175.30 94.60
cut-D.24.H:8mm 11.97 7.84 187.12 1107.70 88.80
cut-D.25.H:8mm 12.12 7.68 187.92 1272.70 101.59
161
Appendix D. Strength test values, measurements and calculations for 8 mm thick
specimens
Table D.3: Arrised edge of supplier (D). Tested at a high stress rate with a deformation control
0.19 mm/s in 21.7◦C and 34 % relative humidity. Testing machine 1.
Specimen Height Thickness W Force [N] stress [MPa]
arr-D.1.H:8mm 12.17 7.93 195.86 920.10 70.47
arr-D.2.H:8mm 11.82 7.77 180.83 917.70 76.13
arr-D.3.H:8mm 12.13 7.97 195.34 1023.10 78.56
arr-D.4.H:8mm 12.23 7.85 195.58 839.60 64.39
arr-D.5.H:8mm 12.57 7.86 207.10 1049.70 76.03
arr-D.6.H:8mm 12.03 7.80 188.03 1005.40 80.20
arr-D.7.H:8mm 12.25 7.82 195.69 880.60 67.50
arr-D.8.H:8mm 12.14 7.84 192.58 979.70 76.31
arr-D.9.H:8mm 11.84 7.82 182.71 813.90 66.82
arr-D.10.H:8mm 11.98 7.77 185.76 760.70 61.43
arr-D.11.H:8mm 12.31 7.87 198.76 1082.00 81.65
arr-D.12.H:8mm 12.12 7.77 190.12 1090.80 86.06
arr-D.13.H:8mm 12.20 7.77 192.75 1034.40 80.50
arr-D.14.H:8mm 12.34 7.77 197.30 973.20 73.99
arr-D.15.H:8mm 12.29 7.89 198.52 927.30 70.07
arr-D.16.H:8mm 11.93 7.78 184.55 1020.00 82.91
arr-D.17.H:8mm 12.08 7.90 192.03 994.20 77.66
arr-D.18.H:8mm 12.33 7.80 197.74 n/a n/a
arr-D.19.H:8mm 12.24 7.77 194.01 853.40 65.98
arr-D.20.H:8mm 12.24 7.79 194.41 997.50 76.96
arr-D.21.H:8mm 12.14 7.84 192.58 n/a n/a
arr-D.22.H:8mm 12.28 7.90 198.55 1032.10 77.97
arr-D.23.H:8mm 12.18 7.89 194.98 890.40 68.50
arr-D.24.H:8mm 11.99 7.76 186.03 883.10 71.21
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Table D.4: Arrised edge of supplier (E). Tested at a high stress rate with a deformation control
0.19 mm/s with a testing machine 1.
Specimen Failure stress [MPa] Stress rate [MPa/s]
arr-E.1.H:8mm 100.24 56.05
arr-E.2.H:8mm 89.12 56.94
arr-E.3.H:8mm 85.76 54.87
arr-E.4.H:8mm 96.16 53.30
arr-E.5.H:8mm 97.23 56.15
arr-E.6.H:8mm 79.78 54.89
arr-E.7.H:8mm 94.94 55.29
arr-E.8.H:8mm 74.46 54.24
arr-E.9.H:8mm 97.40 53.84
arr-E.10.H:8mm 102.32 55.57
arr-E.11.H:8mm 99.86 55.64
arr-E.12.H:8mm 80.56 51.77
arr-E.13.H:8mm 96.43 52.72
arr-E.14.H:8mm 59.84 51.14
arr-E.15.H:8mm 86.22 51.07
arr-E.16.H:8mm 66.73 51.34
arr-E.17.H:8mm 92.57 54.16
arr-E.18.H:8mm 65.66 51.89
arr-E.19.H:8mm 90.13 50.48
arr-E.20.H:8mm 96.56 53.76
arr-E.21.H:8mm 95.52 55.44
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Appendix D. Strength test values, measurements and calculations for 8 mm thick
specimens
Table D.5: Arrised edge of supplier (E). Tested at a low stress rate with a deformation control
with a testing machine 1.
Specimen Failure stress [MPa] Stress rate [MPa/s]
arr-E.1.L:8mm 66.23 2.19
arr-E.2.L:8mm 69.07 2.13
arr-E.3.L:8mm 79.28 2.19
arr-E.4.L:8mm 91.45 2.37
arr-E.5.L:8mm 74.82 2.20
arr-E.6.L:8mm 75.76 2.21
arr-E.7.L:8mm 68.82 2.20
arr-E.8.L:8mm 88.15 2.26
arr-E.9.L:8mm 70.05 2.19
arr-E.10.L:8mm 82.05 2.24
arr-E.11.L:8mm 70.13 2.27
arr-E.12.L:8mm 87.45 2.27
arr-E.13.L:8mm 68.65 2.29
arr-E.14.L:8mm 72.11 2.12
arr-E.15.L:8mm 77.70 2.18
arr-E.16.L:8mm 87.19 2.35
arr-E.17.L:8mm 70.37 2.18
arr-E.18.L:8mm 63.61 2.10
arr-E.19.L:8mm 65.01 2.19
arr-E.20.L:8mm 84.23 2.34
arr-E.21.L:8mm 80.23 2.25
arr-E.22.L:8mm 87.06 2.24
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Table D.6: Ground edge of supplier (C). Tested at a high stress rate with a deformation control
0.19 mm/s in 21.7◦C and 34 % relative humidity. Testing machine 1.
Specimen Height Thickness W Force [N] stress [MPa]
gro-C.1.H:8mm 12.08 7.90 192.14 1288.80 100.62
gro-C.2.H:8mm 12.48 7.88 204.55 1191.30 87.36
gro-C.3.H:8mm 11.69 7.86 179.12 1172.80 98.21
gro-C.4.H:8mm 12.11 7.77 190.02 830.70 65.58
gro-C.5.H:8mm 12.19 7.90 195.65 1212.30 92.94
gro-C.6.H:8mm 12.22 7.92 197.22 1157.50 88.04
gro-C.7.H:8mm 11.96 7.95 189.53 1246.10 98.62
gro-C.8.H:8mm 12.57 7.86 206.88 1291.20 93.62
gro-C.9.H:8mm 12.53 7.84 205.04 889.50 65.07
gro-C.10.H:8mm 12.33 7.78 197.02 1013.40 77.15
gro-C.11.H:8mm 12.56 7.87 207.03 1133.40 82.12
gro-C.12.H:8mm 12.31 7.76 195.99 1118.10 85.57
gro-C.13.H:8mm 12.43 7.90 203.43 1188.10 87.60
gro-C.14.H:8mm 12.33 7.84 198.76 1144.60 86.38
gro-C.15.H:8mm 12.49 7.94 206.55 1374.10 99.79
gro-C.16.H:8mm 12.18 7.93 195.97 1119.70 85.71
gro-C.17.H:8mm 12.30 7.90 199.09 912.00 68.71
gro-C.18.H:8mm 12.29 7.80 196.25 1250.10 95.55
gro-C.19.H:8mm 12.60 7.78 205.86 1215.50 88.57
gro-C.20.H:8mm 12.55 7.86 206.22 1221.10 88.82
gro-C.21.H:8mm 12.61 7.90 209.37 n/a n/a
gro-C.22.H:8mm 12.54 7.90 207.05 n/a n/a
gro-C.23.H:8mm 12.61 7.84 207.67 n/a n/a
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Table D.7: Ground edge of supplier (E). Tested at a high stress rate with a deformation control
0.19 mm/s in 21.7◦C and 34 % relative humidity. Testing machine 1.
Specimen Height Thickness W Force [N] stress [MPa]
gro-E.1.H:8mm 12.43 7.79 200.70 n/a n/a
gro-E.2.H:8mm 12.61 7.8 206.71 1325 96.14
gro-E.3.H:8mm 12.42 7.8 200.42 1306.5 97.77
gro-E.4.H:8mm 12.70 7.82 210.10 1296.1 92.53
gro-E.5.H:8mm 12.56 7.82 205.49 1477.2 107.82
gro-E.6.H:8mm 12.73 7.85 212.01 1482.8 104.90
gro-E.7.H:8mm 12.48 7.8 202.36 1129 83.68
gro-E.8.H:8mm 12.57 7.79 205.25 1406.4 102.78
gro-E.9.H:8mm 12.73 7.83 211.36 1384.6 98.26
gro-E.10.H:8mm 12.64 7.78 207.27 961.2 69.56
gro-E.11.H:8mm 12.26 7.84 196.29 1348.4 103.04
gro-E.12.H:8mm 12.69 7.83 210.26 1343.6 95.85
gro-E.13.H:8mm 12.51 7.84 204.60 1251 91.71
gro-E.14.H:8mm 12.68 7.79 208.85 1075.5 77.24
gro-E.15.H:8mm 12.45 7.85 202.79 1312.2 97.05
gro-E.16.H:8mm 12.43 7.8 200.96 1356.4 101.24
gro-E.17.H:8mm 12.56 7.82 205.71 1557.7 113.58
gro-E.18.H:8mm 12.60 7.83 207.18 1549.6 112.19
gro-E.19.H:8mm 12.49 7.78 202.28 1543.2 114.43
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Table D.8: Ground edge of supplier (F). Tested at a high stress rate with a deformation control
0.19 mm/s, in 21.7◦C and 34 % relative humidity. Testing machine 1.
Specimen Height Thickness W Force stress
gro-F.1.H:8mm 12.59 7.72 203.84 1435.3 105.62
gro-F.2.H:8mm 12.70 7.71 207.37 1174.4 84.95
gro-F.3.H:8mm 12.59 7.71 203.79 1531.1 112.70
gro-F.4.H:8mm 12.30 7.69 194.01 1444.9 111.71
gro-F.5.H:8mm 12.50 7.7 200.41 1394.2 104.35
gro-F.6.H:8mm 12.39 7.74 198.14 1537.5 116.40
gro-F.7.H:8mm 12.49 7.65 198.90 1397.4 105.38
gro-F.8.H:8mm 12.46 7.71 199.50 1354.8 101.87
gro-F.9.H:8mm 12.57 7.74 203.93 1436.9 105.69
gro-F.10.H:8mm 12.55 7.65 200.92 1214.7 90.68
gro-F.11.H:8mm 12.46 7.74 200.27 1398.2 104.72
gro-F.12.H:8mm 12.46 7.65 197.95 1343.5 101.81
gro-F.13.H:8mm 12.18 7.7 190.49 1071.4 84.37
gro-F.14.H:8mm 12.42 7.75 199.14 1624.4 122.36
gro-F.15.H:8mm 12.15 7.74 190.43 1105.2 87.05
gro-F.16.H:8mm 11.91 7.72 182.51 1141.4 93.81
gro-F.17.H:8mm 11.89 7.73 182.03 1283.1 105.73
gro-F.18.H:8mm 12.51 7.74 201.99 1440.1 106.94
gro-F.19.H:8mm 11.82 7.67 178.50 1237.2 103.97
gro-F.20.H:8mm 11.53 7.75 171.81 1098 95.86
gro-F.21.H:8mm 12.39 7.7 197.11 1334.3 101.54
gro-F.22.H:8mm 12.10 7.67 187.16 1285.5 103.03
gro-F.23.H:8mm 12.34 7.75 196.69 n/a n/a
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E Strength test values, measurements
and calculations for specimens with
protective coatings
Specimen index coa.1.H indicates a specimen 1 tested at a high stress rate H. (L indicates low
stress rate)
Test specimens were tested at a low stress rate with a deformation control 0.0013 mm/s, in
22.3◦C and 50 % relative humidity. Testing machine 2.
Table E.1: Glass specimens without a coating, tested at a high stress rate 25MPa/s.
Specimen Force [N] Height W M stress [MPa]
coa.1.H 434.00 10.40 60.978 5425.0 89.0
coa.2.H 330.05 9.78 53.554 4125.6 77.0
coa.3.H 373.17 9.40 49.245 4664.6 94.7
coa.4.H 256.86 9.08 45.758 3210.8 70.2
coa.5.H 379.59 10.27 59.446 4744.9 79.8
coa.6.H 294.84 10.05 56.788 3685.5 64.9
coa.7.H 427.80 9.92 55.247 5347.5 96.8
coa.8.H 309.40 9.84 54.309 3867.5 71.2
coa.9.H 300.83 9.62 51.772 3760.4 72.6
coa.10.H 415.64 10.32 59.08 5195.5 87.9
coa.11.H 364.33 10.15 57.031 4554.1 79.9
coa.12.H 383.41 9.92 54.317 4792.6 88.2
coa.13.H 338.31 9.72 52.013 4228.9 81.3
coa.14.H 269.08 9.44 48.871 3363.5 68.8
coa.15.H 403.35 10.38 60.868 5041.9 82.8
coa.16.H 361.96 10.05 56.854 4524.5 79.6
coa.17.H 394.61 9.90 55.076 4932.6 89.6
coa.18.H 315.99 9.66 52.29 3949.9 75.5
coa.19.H 362.22 9.31 48.359 4527.8 93.6
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Table E.2: Glass specimens without a coating, tested at a low stress rate 0.24MPa/s.
Specimen Force [N] Height W M stress [MPa]
coa.1.L 324.99 9.78 52.699 4062.4 77.1
coa.2.L 251.07 9.65 51.218 3138.4 61.3
coa.3.L 252.57 10.10 56.541 3157.1 55.8
coa.4.L 308.67 9.90 54.186 3858.4 71.2
coa.5.L 289.08 9.74 52.338 3613.5 69.0
coa.6.L 296.03 9.70 51.881 3700.4 71.3
coa.7.L 251.71 9.40 48.52 3146.4 64.8
coa.8.L 287.43 10.32 59.08 3592.9 60.8
coa.9.L 291.82 10.04 55.725 3647.8 65.5
coa.10.L 243.93 10.04 55.725 3049.1 54.7
coa.11.L 293.47 9.73 52.127 3668.4 70.4
coa.12.L 153.04 9.47 49.203 1913.0 38.9
coa.13.L 263.80 10.18 56.552 3297.5 58.3
coa.14.L 312.79 10.12 55.841 3909.9 70.0
coa.15.L 302.82 10.12 55.841 3785.3 67.8
coa.16.L 237.19 9.93 53.619 2964.9 55.3
coa.17.L 239.78 9.70 50.99 2997.3 58.8
Table E.3: bioresin coated specimens tested at a low stress rate.
Specimen Force [N] Height W M stress [MPa]
bio.1.L 291.95 9.47 49.31 3649.4 74.0
bio.2.L 297.83 10.30 58.966 3722.9 63.1
bio.3.L 344.04 11.04 68.314 4300.5 63.0
bio.4.L 384.47 11.55 75.161 4805.9 63.9
bio.5.L.1.L 259.99 10.30 60.151 3249.9 54.0
bio.6.L 304.96 10.86 67.23 3812.0 56.7
bio.7.L 332.48 10.60 63.894 4156.0 65.0
bio.8.L 376.26 10.80 66.452 4703.3 70.8
bio.9.L 296.18 11.12 70.652 3702.3 52.4
bio.10.L 335.01 10.68 63.679 4187.6 65.8
bio.11.L 325.20 10.32 59.21 4065.0 68.7
bio.12.L 245.86 9.74 52.355 3073.3 58.7
bio.13.L 254.16 9.31 47.549 3177.0 66.8
bio.14.L 369.76 10.70 63.792 4622.0 72.5
bio.15.L 318.67 10.50 61.289 3983.4 65.0
bio.16.L 274.68 10.20 57.63 3433.5 59.6
bio.17.L 239.08 10.00 55.254 2988.5 54.1
bio.18.L 207.02 9.74 52.241 2587.8 49.5
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Table E.4: Rhodorsil coated specimens tested at a low stress rate.
Specimen Force [N] Height W M stress
rho.1.L 326.59 11.50 75.262 4082.4 54.2
rho.2.L 385.21 11.00 68.548 4815.1 70.2
rho.3.L 333.17 10.20 58.465 4164.6 71.2
rho.4.L 303.63 9.86 54.427 3795.4 69.7
rho.5.L 224.17 9.34 48.534 2802.1 57.7
rho.6.L 236.44 10.48 61.176 2955.5 48.3
rho.7.L 359.69 10.10 56.559 4496.1 79.5
rho.8.L 320.26 9.55 50.203 4003.3 79.7
rho.9.L 177.59 9.36 48.096 2219.9 46.2
rho.10.L 239.94 8.66 40.731 2999.3 73.6
rho.11.L 306.37 10.54 62.843 3829.6 60.9
rho.12.L 369.03 10.30 59.862 4612.9 77.1
rho.13.L 239.72 10.20 58.642 2996.5 51.1
rho.14.L 232.38 9.98 56.002 2904.8 51.9
rho.15.L 304.78 9.70 52.732 3809.8 72.2
rho.16.L 331.73 10.45 60.224 4146.6 68.9
rho.17.L 267.30 10.25 57.794 3341.3 57.8
rho.18.L 257.99 10.12 56.241 3224.9 57.3
rho.19.L 344.19 9.94 54.128 4302.4 79.5
rho.20.L 214.65 9.84 52.971 2683.1 50.7
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Table E.5: Silicon grease coated specimens tested at a low stress rate.
Specimen Force [N] Failure location Height W M stress [MPa]
sil.1.L 397.29 10.94 67.463 4966.1 73.6
sil.2.L 353.79 10.18 57.933 4422.4 76.3
sil.3.L 277.75 9.67 51.949 3471.9 66.8
sil.4.L 347.19 9.35 48.364 4339.9 89.7
sil.5.L 238.51 8.70 41.482 2981.4 71.9
sil.6.L 433.07 10.46 61.861 5413.4 87.5
sil.7.L 396.39 9.98 56.021 4954.9 88.4
sil.8.L 370.66 9.94 55.547 4633.3 83.4
sil.9.L 285.91 9.18 46.938 3573.9 76.1
sil.10.L 291.96 8.63 41.166 3649.5 88.7
sil.11.L 373.38 10.25 57.224 4667.3 81.6
sil.12.L 382.55 10.30 57.822 4781.9 82.7
sil.13.L 399.02 10.44 59.515 4987.8 83.8
sil.14.L 312.73 10.48 60.003 3909.1 65.1
sil.15.L 348.41 10.66 62.224 4355.1 70.0
sil.16.L 359.29 10.05 255.034 4491.1 81.6
sil.17.L 333.25 9.90 53.289 4165.6 78.2
sil.18.L 343.45 10.00 54.45 4293.1 78.8
sil.19.L 361.40 9.88 53.059 4517.5 85.1
sil.20.L 320.00 9.74 51.459 4000.0 77.7
Table E.6: Epoxy resin coated specimens tested at a low stress rate.
Specimen Force [N] Height W M stress [MPa]
epo.1.L 327.04 10.8 65.063 4088.0 62.8
epo.2.L 260.8 10.58 62.284 3260.0 52.3
epo.3.L 304.3 10.5 61.289 3803.8 62.1
epo.4.L 273.25 10.44 58.07 3415.6 58.8
epo.5.L 337.36 10.62 60.255 4217.0 70.0
epo.6.L 280.43 10.55 59.4 3505.4 59.0
epo.7.L 350.97 10.54 59.279 4387.1 74.0
epo.8.L 290.83 10.43 57.95 3635.4 62.7
epo.9.L 368.48 11.3 72.706 4606.0 63.4
epo.10.L 240.49 10.78 65.843 3006.1 45.7
epo.11.L 327.096 10.47 61.915 4088.7 66.0
epo.12.L 343.20 10.12 57.627 4290.0 74.4
epo.13.L 259.59 10.18 57.516 3244.9 56.4
epo.14.L 331.28 10.28 58.723 4141.0 70.5
epo.15.L 282.81 10.36 59.698 3535.1 59.2
epo.16.L 331.80 10.56 62.171 4147.4 66.7
epo.17.L 347.15 10.55 62.046 4339.3 69.9
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Table E.7: Tape coated specimens tested at a low stress rate.
Specimen Force Height stress
[N] [MPa]
tap.1.L 308.57 9.74 72.3
tap.2.L 377.19 10.94 70.4
tap.3.L 323.91 10.40 67.3
tap.4.L 426.79 11.60 69.9
tap.5.L 416.70 10.70 80.9
tap.6.L 401.83 10.66 78.6
tap.7.L 400.70 10.62 79.6
tap.8.L 459.52 10.60 91.7
tap.9.L 273.22 10.33 58.1
tap.10.L 394.01 10.65 77.2
tap.11.L 320.79 10.68 64.0
tap.12.L 402.24 10.70 79.9
tap.13.L 211.10 10.65 42.4
tap.14.L 387.75 10.60 78.6
tap.15.L 381.49 11.30 64.1
tap.16.L 357.06 11.00 65.1
tap.17.L 195.98 10.85 36.8
tap.18.L 345.43 10.63 67.7
tap.19.L 304.60 10.25 64.5
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F Bending test results
Four-point bending test results indicating the failure stress values. Dots indicate the mean
value with a range of minimum and maximum failure stress values [MPa].
Fig. F.1 shows all 4 mm thick tested specimens.
Fig. F.2 shows a comparison of 4 mm and 8 mm thick tested specimens.
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G Microscope images
In the following chapter, the aim is to illustrate and explain the procedure to study, detect and
measure glass edge flaws. The procedure for glass fractography has been reported in several
sources such as Quinn [2007] and ASTM C1678-10 [2010]. These references propose a study
of the failed glass measuring flaw sizes and mirror radius dimensions from the cross-section.
However, these recommendations cover only post-failure procedures, whereas also before
failure flaw detections can give important information about the possible failure location,
expected to be the critical flaw.
In the following figures, microscope images are shown for detected flaws that are obtained
using a confocal microscope.
As discussed in Section 6.2.1, it is proposed to use a flaw detection methodology to investigate
glass edge flaws. This methodology includes using a microscopes (of your choice) to investigate
the glass specimen. The size of the glass specimen can cause limitations for the microscopy
study, and therefore can require cutting the specimen into a smaller pieces or providing
smaller specimens for the study. According to the microscope specifications, normally a scan
of the studied edge surface is obtained as an end-result. Fig. G.1 illustrates some flaw images.
For instance, if a studied edge shows flaws of different sizes (such as from a) to d)), estimating
which one is the largest gives an indication of being the failure initiation location (d)).
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a) b)
c) d)
Figure G.1: Estimation, which one is the critical flaw. The flaw with the largest dimensions is
expected to be the critical flaw, which is measured according to examples in Fig. G.2 and G.3.
The flaw sizes are organized so that a) illustrates the smallest flaw example and dI the largest.
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For cut edge, the failure initiates most likely at the scoring edge that can as well be studied
with the microscope. The measurements of the cut edge is illustrated in Fig. G.2.
Figure G.2: Illustration of flaw measurements before failure. An example with a cut edge of its
scoring edge.
From the failed glass specimen, the flaw depth as well the width of the critical flaw can be
defined, such shown in Fig. G.3.
Some examples of the critical flaw images before and after failure were included such as Fig.
G.4 and Fig. G.5.
The illustration shows how the flaws have been cut in half after a failure, still being the same
flaw.
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Figure G.3: Flaw measurements a and c after failure. Dimensions taken from a cross-section of
a failed specimens.
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Figure G.4: A specimen of polished edge of supplier (A) before and after failure.
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Specimen 
thickness 
about 4mm 
Figure G.5: A specimen of polished edge of supplier (A) before and after failure.
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